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Introduction

The subject of the research is to investigate whether or not exposure to polycyclic
aromatic hydrocarbons (PAHs) may be a risk factor in the onset of mammary neoplasia
by repressing transcription of the tumor suppressor gene, BRCA-1. The purpose_of this
project is to investigate whether or not loss of expression of the BRCA-1 gene in breast
epithelial induced by PAHs is mediated by the aryl hydrocarbon receptor (AhR). The
scope of the project is to examine whether or not the AhR complexed with the AhR-
nuclear transporter (ARNT) protein, binds to several xenobiotic responsive elements
(XRE) strategically at —539 bp (CCGTGGAA=CyplAl-like) and +20base pairs (bp)
(GCGTG=XRE-1) from the transcription start site on exon-1A. Two additional XREs
(GCGTG) have been localized at —107 bp in the intervening sequence upstream (XRE-2)
and +218 bp (XRE-3) into exon-1B.




Body

Synopsis

The tasks of Specific Aim#1 focused on developing internal deletion and
mutation constructs in the context of the intact BRCA-1 promoter. The objective of these
two tasks was that of investigating the contribution of the proposed binding sites for
AhR-ligands to regulation of the BRCA-1 promoter. The sites of interest were a
CYP1A1-like element (TCCGTGAGAA) homologous to an AhR-responsive domain
found in the CYP1A1 gene and three consensus xenobiotic responsive elements (XRE)
(GCGTG=XRE-1, XRE-2, XRE-3) spatially arranged upstream of the transcription start
sites of exon-1A and exon-1B. As originally proposed in the Statement of Work, given
the overlapping and complementary nature of these two tasks, experiments to develop
mutation and deletion constructs have been conducted in parallel. As proposed, we have
focused our initial efforts on the candidate elements surrounding exon-1A, whose
expression is predominant in mammary tissue compared with transcripts originating from
exon-1B. However, insertion of mutations into the DNA segment representing the
BRCA-1 promoter has proceeded faster than the deletion of the segments of interest and
we have already completed the construction of expression vectors containing single and
combinatorial mutations for CYP1A1, XRE-1, XRE-2, CYP1A1 plus XRE-1, and
CYP1A1 plus XRE-1 plus XRE-2. Also, we have successfully deleted the DNA region
comprising CYP1A1, XRE-1, and XRE-2, whereas experiments are in progress to use
these deletion constructs as templates to introduce combinatorial deletions. Consequently,
a significant portion of transfection experiments testing the effects of single or
combinatorial mutations in breast cancer cells have been completed meanwhile testing of
deletion constructs is in progress. Nevertheless, we expect that all of the mutations and
deletion constructs proposed in the Statement of Work be developed and tested before the
end of year-2 of the award.

Role of CYPIAL, XRE-1 and XRE-2 responsive elements in regulation of basal BRCA-1
promoter activity and in response to benzo[a]pyrene

In previous studies, we reported on the regulation of BRCA-1 expression by
estrogen (1) and inhibition of its basal and estrogen-induced expression in breast and
ovarian cancer cells by the AhR-ligand benzo[a]pyrene (2,3), a prototype polycyclic
aromatic hydrocarbon (PAH) known to induce mammary tumors (4,5). Specific Aim#1
of this award focused on investigating the role of candidate CYP1A1 and XRE as cis-
acting elements mediating the effects of AhR-ligands. The data summarized in Fig. 1
indicated that activity of a positive control plasmid (p1A1-4X-LUC) containing an array
of four XREs directing the expression of the luciferase reporter gene was induced
significantly (10-fold) by treatment with 5 uM B[a]P for 24h. In contrast, activity of the
wild-type BRCA-1 promoter was reduced by B[a]P (Fig. 2). These data confirmed the
validity of the experimental conditions under which we tested the effects of B[a]P on
activity of the wild-type and mutant BRCA-1 constructs. The results of the transfection
experiments depicted in Fig. 3 are discussed with respect to individual elements:




CYPI1A1: This element was mutated from the sequence TCCGTGAGAA to
TCCcaGAGAA. That this sequence was mutated as planned was confirmed by direct
sequencing. The corresponding plasmid was identified as pGL3-BRCA-1-cypMut. The
bold nucleotides represent the core sequence of XRE in the CYP1A1 gene. Mutation of
this sequence to CcaGA was successful in abrogating the responsiveness of the CYP1A1
element to AhR-ligands (6). In this study, mutation of the CYP1Al1-like element reduced
by 2.0-fold the basal reporter activity of the BRCA-1 promoter in MCF-7 cells cultured
in control DMEM medium (Fig. 3B). Upon treatment with B[a]P luciferase units were
reduced an additional 2.0-fold. Contrary to our expectations, it appeared that the
CYP1A1 element was required for basal activity of the BRCA-1 promoter and that its
mutation to a non-consensus sequence did not counteract the loss of BRCA-1 expression
elicited by B[a]P.

XRE-1 and XRE-2: Mutation of the XRE-1 from GCGTG to GeeaG resulted in a 1.5-fold
increase in reporter activity in MCF-7 cells transfected with pGL3-BRCA-1-XRE-1Mut.
In contrast, the reporter activity in cells treated with B[a]P did not differ from that
measured in cells transfected with the wild-type BRCA-1 construct. Similarly, basal
activity of the construct containing the mutated XRE-2 element was induced 1.8-fold
compared with the wild-type BRCA-1 promoter. However, mutation of XRE-2 did not
restore expression of BRCA-1 in the presence of B[a]P.

CYP1A1 plus XRE-1: Luciferase activity in cells transfected with the double-mutant
CYP1A1 plus XRE-1 reduced basal activity to levels measured in cells transfected with
the XRE-1 mutant construct. The same trend was evident in cells transfected with the
triple-mutant pCYP1A1-XRE-1-XRE-2. The reporter activity was not restored in cells
transfected with the double or triple-mutant in the presence of B[a]P.

Our interpretation of these results is that the CYP1A1 element may be required
for constitutive activity of the BRCA-1 promoter. This interpretation is contrary to what
expected, but it is in accord with published observations advocating the idea that DNA-
binding activity is important in regulating CYP1A1 transcription and other gene
promoters (7, 8), and that binding by the AhR receptor is required continuously to
maintain transcription of various genes (9). This raises the possibility that basal activity
of BRCA-1 is maintained by binding of the AhR to the CYP1A1 element. This
contention will be tested as part of Specific Aim#2 of the Statement of Work. That basal
activity of the BRCA-1 promoter at the CYP1A1 is regulated by B[a]P may offer
important insights into the mechanisms that regulate transcription of the BRCA-1 gene.
In fact, this may represent a defense mechanism against low-dose exposure to PAHs. In
previous studies (2) we reported that exposure to non-cytotoxic levels of B[a]P (0.1 to 0.5
uM) tended to increase the cellular content of BRCA-1 mRNA in breast epithelial cells,
whereas exposure to acute doses of B[a]P (1 to 5 uM) repressed BRCA-1 mRNA and
protein levels. In addition, the fact that the CYP1A1 element in the BRCA-1 promoter is
homologous to the consensus sequence for binding the AhR and AhR-nuclear
translocator (ARNT) (6) suggests this element may act as bona-fide sentinel in response
to exposure to PAHs. Whether or not the CYP1A1 element located in the BRCA-1




promoter represents a putative site for binding by the AhR-ARNT complex will be the
subject of binding and electromobility shift assay experiments proposed in Specific
Aim#2.

The fact that mutation of the XRE-1 and XRE-2 core sequences (GCGTG)
resulted in increased basal activity suggests that binding to this DNA region in the
BRCA-1 promoter, possibly by the AhR-ARNT complex, could exert a negative effect
analogous to that produced by basic helix-loop-helix transcriptional repressors. The
presence of the XRE-1 and XRE-2 in the promoter region of BRCA-1 could disrupt (e.g.
by steric hindrance) the formation of active transcription complexes (10). Overall, it
could be envisioned that the CYP1A1 and XREs may exert distinct functions in the
context of regulation of the BRCA-1 gene. Precedents for this interpretation are offered
by the fact that other DNA-binding transcriptional regulatory proteins can function in
either a negative or positive fashion, depending upon the regulatory context. By analogy,
the fact that mutation of the CYP1A1 and XRE-1/XRE-2 sequences produced negative
and positive effects on basal activity of the BRCA-1 promoter might reflect the action of
the liganded-AhR as a positive (CYP1ALl) or negative (XRE-1/XRE2) regulator of
constitutive transcription.

That mutations of the core sequence in the CYP1A1 and XRE-1/XRE-2
sequences failed to prevent the loss of BRCA-1 transcription induced by B[a]P suggest
that other nucleotides outside these elements may be involved in this negative regulation.
For example, nucleotides adjacent to the essential four base pairs 5’-CGTG-3’ may
determine whether the receptor-DNA interaction is productive. This contention may be
tested by mutating the nucleotides adjacent to the essential four-base pairs, which
influence the functional response to AhR-ligands. For example, mutation of the A/T base
pair at position 9 to a G/C pair abolished function suggesting that a functional sequence
may require an A/T pair at position 9 (10). This is the case of the CYP1A1 (5’-
TCCGTGAGAA-3’) and XRE-2 (5’-GGCGTGGGAG-3") elements, which comprise an
A at position 9. To better address this aspect we would like to request permission to add
these experiments to those proposed in the Statement of Work. Specifically, we propose
of co-mutating the base pair A/T to a G/C and transfect the resulting mutation constructs
into MCF-7 cells. Comparison of the reporter activity in the presence or absence of B[a]P
will elucidate the role of these candidate elements in the inhibition of BRCA-1
transcription by B[a]P.

Role of CYPIAI, XRE-1 and XRE-2 in estrogen-dependent regulation of BRCA-1
promoter activity in response to benzo[a]pyrene

Published studies from our (1) and other laboratories (11, 12) have suggested that
the BRCA-1 gene is inducible by estrogen in breast epithelial cells. Recently, we have
reported (2) that treatment of breast cancer cells (MCF-7) with B[a]P abrogated estrogen-
dependent induction of BRCA-1. These findings raised the possibility that the mechanism
through which AhR-ligands may alter BRCA-1 expression may depend on the regulatory
context. It has been documented that binding of the AhR to XRE alters the expression of
estrogen-responsive genes, such as cathepsin-D. For example, binding of the AhR might
disrupt by steric hindrance the formation of active transcription complexes at neighboring




sites (13). To further elucidate the contribution of the CYP1A1 and XREs to regulation of
BRCA-1 by AhR ligands, the single and combinatorial mutation constructs were
transfected in MCF-7 cells cultured in basal medium containing charcoal-stripped fetal
calf serum, as described previously (1). After transfection of the appropriate constructs,
cells were induced for 48 h with 10 nM estrogen in the presence or absence of 5 UM
B[a]P. In previous studies (2) we found these concentrations to be effective in inducing
(estrogen) or inhibiting (estrogen plus B[a]P) BRCA-1 expression. The data depicted in
Fig. 4 indicated that the reporter activity of a promoter construct (p3XERE-TATA-LUC)
containing an array of three consensus estrogen receptor elements (ERE) directing the
expression of the luciferase gene was significantly induced by estrogen (10 nM, 48 h),
whereas basal activity was not influenced by B[a]P (Fig. 4A). In contrast, the treatment
with B[a]P counteracted the stimulatory effects of estrogen on the activity directed by the
3x-ERE promoter. These data offered positive confirmation of the efficacy of the
estrogen and B[a]P treatments. The treatment of MCF-7 cells with estrogen for 48 h
produced a 1.3-fold increase in reporter activity from the wild-type BRCA-1 promoter
(Fig. 4B). This effect was counteracted by the presence of B[a]P, which lowered BRCA-1
transcription activity to basal (DMEM) levels. With respect to individual mutation
constructs, mutation of the CYP1A1 element did not prevent the loss (2.0-fold) of
reporter activity in the presence of B[a]P and contributed to lowering the responsiveness
to estrogen. Conversely, mutation of the XRE-1 produced a dramatic increase in reporter
activity in cells treated with estrogen, but was reduced (2.0-fold) upon treatment with
estrogen plus B[a]P, although at levels higher (1.6-fold) than those observed for the wild-
type BRCA-1. Finally, we observed that the XRE-2 mutant-luciferase construct was
refractory to B[a]P. The addition of estrogen produced a 1.6-fold increase in transcription
activity, which was repressed by 2.3-fold in the presence of B[a]P. Treatment with B[a]P
plus estrogen reduced the reporter activity measured upon transfection with the double
(CYP1A1-XRE-1) or triple (CYP1A1+XRE-1+XRE-2) mutants (Fig. 4C).

Our interpretation of these results is that in conditions that mimic estrogen stimulation,
mutation at the XRE-1 appears to increase transcriptional activity at the BRCA-1 and
counteract the inhibitory effects of B[a]P on estrogen-dependent BRCA-1 transcription.
With respect to the candidate CYP1A1 element, mutation of the core sequence CGTG
resulted in lower reporter activity in the presence of B[a]P, supporting the role of this
element as a positive regulator of BRCA-1 transcription.
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Figure 1. Induction by B[a]P (5 pM) of the promoter construct p1A1-4X-LUC (1
lLg) containing four xenobiotic responsive elements (XRE). plA1-LUC is the empty
vector lacking the XREs. Bars represent mean RLU corrected for B-galactosidase +
standard deviations from two independent experiments performed in triplicate.
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Figure 4. A) Estrogen stimulates the reporter activity of an estrogen-responsive-element
(ERE). Treatment with B[a]P prevents activation by estrogen of the positive control
plasmid p3x-ERE-TATA-LUC. B) Effects of mutations in the CYP1A1, XRE], and
XRE-2 elements on responsiveness of the BRCA-1 promoter to treatement with estrogen,
B[a]P, and their combination. DMEM is control medium.
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Key research Accomplishments

Confirmed in dose-dependent experiments with B[a]P that this AhR-ligand
represses transcription at the BRCA-1 promoter.

Developed mutation constructs for CYP1A1, XRE-1, XRE-2 and double and
triple mutants.

Developed deletion constructs for CYP1A1, XRE-1 and XRE-2 (untested).
Observed that the CYP1A1 element may be required (positive element) for
constitutive activity of the BRCA-1 promoter.

Observed that the XRE-1 and XRE-2 may be negative cis-acting elements on
basal BRCA-1 transcription.

Observed that the XRE-1 may act as a repressor of BRCA-1 transcription
under conditions of estrogen stimulation.
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Reportable Qutcomes

1.

Transcriptional repression of BRCA-1: requirements for metabolism of
benzo[a]pyrene to BPDE. D. Jeffy, Ryan B. Chirnomas, Eddy J. Chen, Jean M.
Gudas, and Donato F. Romagnolo. Manuscript submitted to Cancer Research and
currently in revision for publication. A copy of this manuscript has been included
in the Appendices section. The work presented includes data obtained in
preliminary dose-response experiments of Specific Aim#1 aimed at characterizing
the responsiveness of the BRCA-1 promoter to treatment with AhR-ligands. The
support of the US Army Medical Research and Materiel Command has been
acknowledged in the Acknowledgment section of the manuscript.

Abstract to be presented at the Meetings of the Breast Cancer and Environmental
Mutagens Conference, Environmental Mutagen Society, Research Triangle Park,
NC, September 22-25, 2001.

Poster to be presented at the Arizona Cancer Center Research Forum, September
11, 2001 The University of Arizona, Tucson, AZ

Abstract presented at the 2001 Meetings of the Southwest Environmental Health
Sciences Center, The University of Arizona, Tucson, AZ.

The information being gathered through the execution of the experiments
supported by this award will constitute the backbone of a Ph.D. project for
Brandon Jeffy, who is currently working on this project in the laboratory of the
P.I. Mr. Jeffy Ph.D. is a candidate in the Cancer Biology Interdisciplinary
Program at the University of Arizona, Tucson, AZ.
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Conclusions

Summary

Based on the data obtained through the completion of the experiments outlined in
the Body section of this report, we can conclude that exposure to ligands of the aromatic
hydrocarbon receptors represses transcription of the BRCA-1 gene. The mechanism
being investigated is that through binding to AhR-binding domains the AhR alters the
expression of BRCA-1. However, the candidate responsive elements (CYP1A1 and
XREs) appear to have distinct functions. The CYP1A1 appears to be necessary for
constitutive expression of BRCA-1 and may represent a mechanism for maintenance of
BRCA-1 expression, possibly in response to low-dose exposure. This conclusion is
supported by previous studies showing that regulation of constitutive gene expression
required interactions of the AhR-ARNT complex with other proteins, such as the
transcription factor SP-1. Both the AhR- and SP-1 binding domains were required for
maximal activity in the absence of exogenous AhR-ligands (13). This conclusion is
important because published studies have assigned the AhR the classic function of
messenger of external exposure to AhR-ligands, whereas the data presented here and
those published recently by other groups (13) suggest the AhR may function as keeper of
constitutive expression. Interestingly, we have identified in the BRCA-1 promoter a
putative SP-1 element (GGGCGG) 165-bp downstream of the CYP1A1 element, which
may facilitate the binding of the AbR-ARNT heterocomplex to the CYP1ALl core
sequence. Therefore, basal regulation of BRCA-1 may depend on the physical interaction
between the AhR/ARNT and SP-1. This may explain why upon mutation of the CYP1A1
element we observed a significant reduction in transcription activity of the BRCA-1
promoter. Whether or not SP-1 facilitates the interaction of the AhR at the CYP1A1 site
in the BRCA-1 promoter can be easily tested during the execution of binding and
antibody experiments planned in Specific Aim#2.

In contrast, the XRE1- and XRE-2 may be negative regulators of basal BRCA-1
transcription. Finally, we found the XRE-2 may be a negative regulator of estrogen-
dependent regulation of BRCA-1. The functionality of these sites as AhR-binding
elements awaits confirmation by binding and electro-mobility shift assays proposed in
Specific Aim#2.

Importance and Implications

The findings of this Annual Report confirm the original assumption that AhR-
ligands may be a risk factor in the etiology of BRCA-1-mediated breast cancer by
repressing basal and estrogen-stimulated BRCA-1 expression. We believe, however, that
these conclusions need to be contrasted with the results of the transfections with deletion-
mutation constructs and studies planned in Specific Aim#2. If confirmed, the knowledge
gained through this studies will offer evidence that exposure to AhR-ligands may be a
risk factor in environmental carcinogenesis of the breast. Because BRCA-1 is involved in
DNA repair, loss of BRCA-1 protein may favor the accumulation of DNA damage and
the onset of sporadic breast cancer. To date, no mutations in the BRCA-1 gene have been
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identified in sporadic breast cancers, whereas the expression levels of BRCA-1 in breast
tumors are lower than those observed in normal mammary tissue. The results outlined in
this Annual Report suggest that exposure to polycyclic aromatic hydrocarbons, which are
present in coal tar, tobacco smoke and industrial pollution, may contribute to repressing
the expression of BRCA-1. This event may increase in women exposed to these
environmental pollutants the susceptibility to developing mammary neoplasia. Finally, a
significant implication of the findings reported here, is that basal expression of BRCA-1
may be positively regulated by the AhR. This may represent a mechanism of protection
against low-dose exposure to AhR. If confirmed by experiments planned in Specific
Aim#2 this inference may assign to the BRCA-1 gene a role of sentinel marker against
low-dose/chronic exposure to polycyclic aromatic hydrocarbons.
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Estrogen Upregulation of BRCA1 Expression with No
Effect on Localization

Donato Romagnolo, Lois A. Annab, Tracy E. Thompson, John 1. Risinger, Lori A. Terry, J. Carl Barrett, and
Cynthia A. Afshari*

Laboratory of Molecular Carcinogenesis, National Institute of Environmental Health Sciences, Research Triangle Park,
North Carolina

Alterations in the expression of the breast and ovarian cancer susceptibility gene BRCAT may contribute to
the development of mammary and ovarian neoplasia. The sex-steroid estrogen modulates cell proliferation of
normal and neoplastic breast and ovarian epithelial cells, but the role of estrogen regulation on the expression
of BRCA1 remains to be defined. In this study, estrogen-regulated BRCA1 expression was examined in breast
and ovarian cancer cells. Estrogen stimulated the proliferation of estrogen receptor (ER)-positive breast MCF-
7, C7-MCF-7, and ovarian BG-1 cells as well as the expression of the estrogen-inducible pS2 gene. This was
concomitant with upregulation of BRCAT mRNA (2.5- to 5.0-fold) and a 3- to 10-fold induction of BRCA1
protein (230 kDa). Cell fractionation studies localized the BRCA1 protein to the nucleus in both unstimulated
and estrogen-stimulated cells. The antiestrogen ICI-182780 inhibited estrogen-induced cell proliferation, BRCAT
mRNA induction, and BRCA1 protein expression in ER-positive cells. Conversely, estrogen did not influence
expression of BRCA1 in HBL-100 cells that lacked the estrogen receptor, although the constitutive levels of
BRCAT mRNA (but not protein) in these cells were 5- to 30-fold higher than in other breast and ovarian cancer
cells. Secretion of the BRCA1 protein into the cell medium did not account for the discrepancy between the
mRNA and protein levels in HBL-100 cells. Proliferation of HBL-100 cells was not affected by either estrogen or
ICI-182780. Taken together, these data support a role for the steroid estrogen and the involvement of the
estrogen receptor pathway in the modulation of expression of BRCA1. We therefore propose that stimulation
of cell proliferation may be a prerequisite for upregulation of BRCA1 in breast and ovarian cancer cells. Mol.
Carcinog. 22:102-109, 1998.  © 1998 Wiley-Liss, Inc.!
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INTRODUCTION

Growth and differentiation of mammary and ova-
rian tissue are coordinately regulated by sex steroids,
peptide hormones, and growth factors [1]. Specifi-
cally, the ovarian steroids estrogen and progester-
one, in concert with other endocrine and autocrine
factors, modulate the growth and development of
breast and ovarian epithelial cells [2,3]. In normal
tissue, ovarian hormones initiate morphogenesis and
differentiation through cycles of cell proliferation [4].
These effects may be counterbalanced by feedback
mechanisms that suppress normal and neoplastic
proliferation. However, the loss of expression of tu-
mor suppressor genes, such as BRCA1, may favor pro-
liferative pathways and the consequent development
of breast and ovarian malignancies [5].

The breast and ovarian cancer susceptibility gene
BRCA1 encodes a protein of 1863 amino acids [6,7].
Loss of heterozygosity along chromosome 17q in fa-
milial and sporadic tumors provided indirect evidence
that BRCA1 is indeed a tumor suppressor [8,9]. Stron-
ger evidence is provided by studies in which retroviral
introduction of BRCA1 into breast tumor cells resulted
in growth suppression or cell death [10-12]. Muta-
tions in this gene, whether inherited [13-16] or so-

© 1998 WILEY-LISS, INC. 'This article is a US Government work
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matic [17-19], combined with alterations in the ex-
pression level of BRCA1 [10], may contribute to the
onset of mammary and ovarian malignancies.
Previous investigations indicated that expression of
BRCAI mRNA is stimulated by estrogen in estrogen
receptor (ER)-positive breast MCF-7 and T47-D cells
[20] and in ovariectomized mice in the presence of
estrogen plus progesterone [21]. Other studies indi-
cated that estrogen indirectly regulates BRCA1 expres-
sion in breast cancer cells [22,23]. However, no
comparable studies of ovarian cells have been reported.
There has been a remarkable controversy over the
pattern of BRCA1 protein expression. This contro-
versy has encompassed debate on the molecular
weight of the protein; there have been some reports
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of a 170-190 kDa protein [20,24,25] and others indi-
cating that the size of the BRCA1 protein is 220-230
kDa [26-30]. In addition, the protein has been local-
ized to different cell compartments, including the
plasma membrane, the cytosol, and the nucleus [25-
27,29]. It has been reported that a conserved granin
motif is present within the BRCAI ¢cDNA and that
this motif directs secretion of the protein [25]. Fur-
thermore, the amino terminus of BRCA1 has a char-
acteristic ring structure homologous to DNA-binding
or protein-protein interaction domains [31], and tran-
scriptional transactivation activity has been assigned
to the carboxy-terminal domain of the protein
[32,33]. However, no study to date has attempted to
determine whether BRCA1 location is affected by
hormonal stimulation.

Understanding the relationships between regula-
tion of BRCA1 expression and cell proliferation is
central to defining the function of this gene in con-
trolling the pathways that lead to the development
of breast and ovarian cancer. Therefore, in this study
we investigated correlations between estrogen-stimu-
lated cell growth and BRCA1 expression, the involve-
ment of the ER pathway in modulation of BRCA1
expression in breast and ovarian cancer cells, and
the location of the BRCA1 protein after estrogen
stimulation. We provide evidence that in ER-posi-
tive breast and ovarian cell lines, proliferation and
expression of BRCA1 are coordinately regulated by
estrogen and involve the participation of the ER path-
way. We suggest that upregulation of BRCA1 may
represent a feedback mechanism specific for rapidly
proliferating cells.

MATERIALS AND METHODS
Cell Culture and Proliferation Assay

The regulation of expression of BRCA1 was inves-
tigated in breast ER-positive (MCF-7) and ER-nega-
tive cells (HBL-100) and ovarian cancer ER-positive
cells (BG-1) obtained from American Type Culture
Collection (Rockville, MD). The ER-positive cell line
C7-MCF-7 was a kind gift from A. Soto; this line,
derived from MCF-7 cells, contains a higher number
of ER molecules than the parental MCF-7 line {34].
The cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium supplemented with
10% fetal calf serum. Before the experimental treat-
ments, the cells were preconditioned for § d in phe-
nol red—free medium containing 5% charcoal-stripped
fetal calf serum (SFCS) (Hyclone Laboratories, Inc.,
Logan, UT), as described previously [35]. The cells
were plated at a density of 2 x 10° cells/100-mm tis-
sue culture dish and maintained overnight in DMEM/
F12 plus 5% SFCS. Then, the cells were either har-
vested (0 h) or subjected to treatment with estrogen
(10 nM), ICI-182780 (1 uM), and estrogen plus ICI-
182780 for 24, 48, 72, and 144 h. Three dishes were
assigned to each experimental treatment, and at the

end of the incubation periods, the cells were counted
in triplicate (n =9).

Ribonuclease Protection Assay

Total RNA was extracted by using a guanidine thio-
cyanate procedure [36], and BRCALI transcript levels
were measured by using ribonuclease protection as-
say and the HybSpeed hybridization procedure
(Ambion Inc., Austin, TX). ABRCAI fragment of 170
bp encoding the 3 region of exon 20, the entire cod-
ing sequence of exon 21, and a 5" portion of exon 22
was amplified from normal human mammary gland
c¢DNA and cloned in the antisense orientation into
the transcription vector Triplescript (Ambion Inc.)
to generate the transcription construct pBRCA1-20/
22. The primers used for amplification were
5 -TGAAGTCAGAGGAGATGTGGT-3" (forward) and
5-ACAGAAGCACCACACAGCTGT-3" (reverse). Se-
quencing of the amplified BRCA1 fragment confirmed
its identity with the BRCA1 sequence deposited in the
GeneBank (accession number U14680). The construct
pBRCA1-20/22 transcribed a riboprobe of the expected
size that, after gel purification, hybridized with
BRCA1 mRNA to protect a fragment of the expected
length. Preliminary control experiments were per-
formed to assure that an excess of radiolabeled probes
was added to the hybridization cocktail. The pres-
ence of two bands was evident in some experi-
ments with the BRCA1 probe. This was due to
incomplete digestion of the protected fragments.
To optimize the assay, a balance between diges-
tion time, amount of RNAse, and quantity of RNA
was achieved. Increasing the RNAse concentration
and the digestion time led to overdigestion of the
RNA complex; therefore, we used conservative
conditions that sometimes led to incomplete di-
gestion and the appearance of a doublet. BRCA1
mRNA was quantified by phosphorimage analy-
sis with arbitrary units corrected for the expres-
sion of the control, cyclophilin mRNA (BRCA1/
cyclophilin) [37].

Western Blot Analysis

Western blot analysis was performed as previously
described [20]. Protein extracts were prepared by lys-
ing cells in sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis sample buffer, and protein
extract, normalized to cell number, was electrophore-
sed on 6% SDS-polyacrylamide gels. After transfer to
nitrocellulose membranes, the blots were blocked with
Tris-buffered saline containing 10% dried milk and
0.05% Tween-20. BRCA1 immunoblotting was per-
formed by using the C-20 polyclonal antibody (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), which was
raised against the carboxy terminus (residues 1843-
1862), or BRCA1-Ab1 and BRCA1-Ab2 (Oncogene
Research Products, Cambridge, MA), which were raised
against an amino-terminal fusion protein, diluted 1:50
in 2% milk in Tris-buffered saline with Tween. The
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blots were incubated with anti-BRCA1 antibodies for
2-3 h at room temperature and then with secondary
antibody (Boehringer Mannheim Corp., Indianapolis,
IN). Immunocomplexes were detected by enhanced
chemiluminescence (Amersham Corp., Arlington
Heights, IL).

Cell fractionation was performed according to pre-
viously published protocols [27]. Briefly, 1 x 10° cells
were collected and washed with phosphate-buffered
saline. Then three-pellet-volumes of suspension
buffer (10 mM HEPES, pH 7.9; 10 mM KCL; 0.1 mM
EDTA; 0.1 mM EGTA; and 1 mM dithiothreitol plus
protease inhibitors) was added to the pellet. The cells
were allowed to swell on ice for 15 min, and then
Nonidet P40 was added to a final concentration of
0.6%. The pellet was vortexed vigorously for 15 s,
and then the nuclei were pelleted by microfuge cen-
trifugation for 30 s. The supernatant was removed
and retained as the cytoplasmic/membrane fraction,
and the pellet contained nuclear protein. The nuclear
pellet was resuspended in SOpL of 20 mM HEPES pH
7.9,0.4 M NaCL; 1 mM EDTA; 1 mM dithiothreitol,
and protease inhibitors; vigorously rocked for 15
min at 4°C; and then microcentrifuged for 5 min.
The supernatant was retained as the nuclear frac-
tion. Fractions were mixed 1:1 with 2x Laemmli
buffer and loaded on 6% SDS-polyacrylamide gels
as described above.

Conditioned medium was collected from cells for
72 h. The medium was then concentrated 15- to
44-fold by using Centricon filters as described by
the manufacturer (Amicon, Inc., Berely, MA). Con-
centrated medium was mixed 1:1 with 2x Laemmli
sample buffer and run on 6% SDS-polyacrylamide
gels as described above. The blots were stained with
Ponceau S immediately after transfer to verify the
presence of protein on the membranes.

Expression of pS2

Expression of the estrogen-inducible pS2 gene was
investigated by northern hybridization of a **P-la-
beled pS2 cDNA probe (American Tissue Type Col-
lection) to 10 ug of total RNA linked to nitrocellulose
membranes.

RESULTS
Cell Proliferation and Expression of BRCA1

We examined the effects of estrogen on cell prolif-
eration and regulation of BRCA1 expression in the
ER-positive breast cancer cell lines MCF-7 and C7-
MCEF-7, ovarian BG-1 cancer cells, and ER-negative
HBL-100 immortal breast cells. Estrogen stimulated
the proliferation of MCF-7, C7-MCEF-7, and BG-1 cells
but had no effect on the growth of HBL-100 cells
(Figure 1). In MCF-7 and BG-1 cells, significant
growth stimulation by estrogen was detectable after
48 h. However, by 144 h, BG-1 cells were induced
tenfold by estrogen compared with fourfold for MCF-
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Figure 1. Effect of estrogen on cell proliferation of breast
and ovarian cells. Cells were cultured in DMEM/F12 medium
containing 5% SFCS as described in Materials and Methods.
The cells were plated at a density of 2 x 10° cells/100-mm tissue
culture dish and maintained overnight in DMEM/F12 plus 5%
SFCS. Then, the cells were either harvested (solid bars) or treated
with estrogen (10 nM) for 144 h (striped bars).

7 cells. Interestingly, the ER-positive C7-MCF-7 cells
proliferated faster than the parental cell line, MCF-
7. We attributed this effect to the higher number of
ERs in C7-MCF-7 [34].

We compared the expression of BRCAI mRNA in
cells cultured for 72 h in DMEM and 5% SFCS with
or without estrogen by using a ribonuclease protec-
tion assay (Figure 2A). In all ER-positive cell lines,
expression of BRCAI mRNA was induced from 2.5-
to 5.0-fold as measured by the ribonuclease pro-
tection assay directed to BRCA1 exons 20, 21, and
22 (Figure 2B). The cell line C7-MCF-7 expressed
the highest levels of BRCAI mRNA in response to
estrogen. Conversely, in HBL-100 cells, BRCAI
transcript levels were not affected by estrogen,
although the constitutive levels of BRCAI mRNA
in this cell line were 5- to 30-fold higher (control
DMEM vs estrogen) than in breast and ovarian
cancer cells (Figure 2B).

Western blotting confirmed the stimulatory effects
of estrogen on expression of BRCA1 protein (230
kDa). The BRCA1 protein induction ranged from
threefold in MCF-7 cells up to greater than 20.0-fold
in C7-MCF-7 (Figure 2C). The same band was recog-
nized by a variety of antibodies (Santa Cruz C-20 and
Oncogene Research BRCA1-Abl and BRCA1-Ab2)
raised against the carboxy- and amino-terminal re-
gions, respectively, of BRCA1 (data not shown). Nev-
ertheless, in HBL-100 cells, BRCA1 protein expression
levels were not affected by estrogen, in accordance
with the absence of ER expression in these cells.

The induction of BRCAI mRNA expression by es-
trogen reached a maximum after 24 h in ovarian
BG-1 cells and then declined, as measured by ribo-
nuclease protection assay (Figure 3A). Conversely,
in breast MCF-7 cells (Figure 3B), the levels of BRCA1
mRNA did not peak until 72 h after stimulation with
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estrogen. These differences suggest that estrogen-
dependent pathways for regulation of expression of
BRCA1 may follow different kinetics in ovarian and
breast tissue and may be influenced by the rate of
cell proliferation.

Expression of estrogen-inducible pS2 mRNA was
stimulated by estrogen in the ER-positive BG-1, C7-
MCEF-7, and MCF-7 cells (Figure 4). This indicated
that our experimental conditions were favorable
for investigating estrogen regulation of BRCAL.
Maximum induction of pS2 by estrogen was
achieved within 24 h in both cell types, with no
further upregulation up to 144 h after stimulation
(data not shown).

1CI-182780 Inhibition of BRCAT Expression

The antiestrogen ICI-182780 inhibited estrogen-
dependent cell proliferation (Figure S5A and B), in-
duction of BRCA1 mRNA (Figure 5C), and pS2
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Figure 3. Time course of estrogen (E,) stimulation of BRCA1
mRNA expression. Ribonuclease protection assays directed to
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Figure 2. Comparative analysis of BRCA1 expression in
breast and ovarian cells. (A) Effects of estrogen (E;) on BRCAT
mRNA expression in breast cancer cells (MCF-7 and C7-MCF-7),
ovarian cancer cells (BG-1), and simian virus 40-immortalized
HBL-100 cells measured by ribonuclease protection assays di-
rected to exons 20, 21, and 22. (B) Phosphorimage analysis of
BRCAT1 expression in DMEM- (striped bars) and estrogen (solid
bars) treated cells. Ribonuclease protection assay bands were
quantitated by phosphorimaging and corrected for expression
of the control gene cyclophilin. The values are averages of ar-
bitrary units (BRCA1/cyclophilin) from two independent experi-
ments. (C) Western analysis of BRCA1 expression after
stimulation by estrogen for 72 h.

expression (Figure 4) in MCF-7 and BG-1 cells. How-
ever, neither cell growth nor expression of BRCAI
in the HBL-100 cells were affected by estrogen or
ICI-182780 (data not shown). The unresponsiveness
of HBL-100 to estrogen and estrogen plus the ICI
compound were expected because this line does not
express ERs [39]. We confirmed the lack of expres-
sion of transcripts for the ER in HBL-100 by ribonu-
clease protection assay (data not shown). Treatment
of MCF-7 and BG-1 cells with ICI-182780 attenu-
ated the estrogen stimulation of BRCA1 protein (Fig-
ure 5E, lanes 3 and 6), in agreement with the
inhibition of expression of BRCAI mRNA by ICI-
182780 (Figure SD).

BRCA1 Localization after Estrogen Stimulation

An earlier study indicated that BRCA1 may be lo-
cated in both the cytoplasm and the nucleus [27].
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exons 20, 21, and 22 of BG-1 ovarian (A) and MCF-7 breast
cancer cells (B) after treatment with estrogen.
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Figure 4. Induction of pS2 mRNA by estrogen. Cells were
treated as described in Figures 1-3 and analyzed by northern
blotting with a pS2-specific probe. The image of the ethidium
bromide stained gel is shown to indicate equivalent loading,
as seen by staining of the 285 and 18S rRNAs.

However, those studies compared a variety of cell
types without consideration of growth or hormonal
influences. Therefore, we examined whether hor-
monal stimulation of the ovarian carcinoma cell line
BG-1 affected the location of the BRCA1 protein. We
found that while estrogen drastically increased
BRCA1 expression (Figure 6, lanes 5 and 6), most of
the full-length BRCA1 protein remained nuclear (Fig-
ure 6, lane 3). This was similar to what was observed
in the immortal breast cell line HBL-100 (Figure 6,
lane 1) and in normal mammary epithelial cells (data
not shown). The efficacy of the fractionation proto-
col was determined by analysis of tubulin and ret-
inoblastoma protein for purity of the cytoplasmic
and nuclear fractions, respectively (data not shown).

A previous report indicated that BRCA1 may be
secreted from normal breast epithelial cells [25]. We
examined whether any BRCA1 was secreted into the
medium of the estrogen-stimulated BG-1 cells, but
no BRCA1 protein was apparent in the concentrated
medium conditioned by these cells (Figure 6, lane
8). In the immortal nontumorigenic breast cell line
HBL-100, we observed a very high level of BRCAI
mRNA but not BRCA1 protein, as compared with the
other tumor cell lines examined (Figure 2B). There-
fore, the possibility that BRCA1 was being secreted
from this cell line into the tissue-culture medium
was also investigated. Conditioned medium was col-
lected from HBL-100 cells, concentrated 40-fold, and
run on western blots. No BRCA1 protein was detected
in the medium conditioned from these cells (Fig-
ure 6, lane 7) or from 15-fold concentrated me-
dium collected from normal breast epithelial cells
(data not shown).

DISCUSSION

In defining the function of BRCA1 as a tumor sup-
pressor gene, it is imperative to assess the relation-

ship between stimulation of cell proliferation and
regulation of BRCA1 expression. Consequently, we
focused our efforts on investigating whether in-
creased expression of BRCA1 is a consequence of
stimulated proliferation and represents a potential
feedback mechanism to control cell growth. Our in-
terest in estrogen regulation derived from the no-
tion that this ovarian steroid stimulates the growth
of normal and breast cancer cells [35]. We report here
that estrogen stimulated the expression of BRCA1
mRNA and protein in both ER-positive breast and
ovarian cancer cells. Conversely, ER-negative, sim-
ian virus 40-immortalized HBL-100 breast cells ex-
pressed constitutively high levels of BRCA1 mRNA
but a modest amount of protein and that both were
not affected by estrogen. Although it still remains
unclear whether expression of BRCA1 is enhanced
directly by estrogen or through indirect mechanisms
due to stimulation of proliferative pathways [22-23],
our data do support a role for estrogen and the in-
volvement of the ER pathway in the regulation of
this protein.

Our findings are in agreement with earlier obser-
vations documenting BRCA1 stimulation by estro-
gen in breast cancer cells [20,22,23]. We ascertained
that upregulation of BRCA1 expression was medi-
ated by the ER. This observation was tested by an-
tagonizing estrogen induction using the pure
antiestrogen ICI-182780. In these studies, we dem-
onstrated that the ICI compound inhibited estro-
gen-dependent cell proliferation, pS2 mRNA
expression, and BRCA1 expression both at the
mRNA and protein levels. From these results, we
concluded that BRCA1 stimulation may be a re-
sponse to stimulation of cell growth by estrogen.
Consequently, alterations in the normal functions
of BRCA1 may predispose to the development of
mammary neoplasia in the presence of estrogen.

HBL-100 cells were refractory to estrogen treat-
ment. This was not surprising, as these cells do not
bind estrogen or express estrogen receptor protein
[39] and did not express transcripts for the ER, as
assessed by ribonuclease protection assay (data not
shown). However, it is intriguing that HBL-100 cells
contained higher constitutive levels of BRCAI
mRNA (but not protein) than breast and ovarian
cancer cells induced with estrogen. It is tempting
to speculate that this may be in keeping with the
fact that levels of BRCAI1 mRNA are higher in nor-
mal mammary cells than in breast cancer cells [19].
We explored the possibility that the levels of ex-
pression of mRNA versus protein were uncoupled
in this line because BRCA1 was secreted. However,
we found no evidence for secretion of BRCA1 by
this cell line, normal mammary epithelial cells, or
estrogen-stimulated ovarian cancer cells despite the
presence of a conserved granin motif within the
BRCA1 cDNA [25]. Alternatively, it is possible that
expression of BRCAI mRNA in HBL-100 may be al-
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tered at the transcriptional level by mechanisms
related to the simian virus 40 immortalization of
these cells. Investigation of other virally transformed
cells may indicate whether the presence of viral pro-
teins stabilizes the BRCAL1 transcript.

In addition to examining whether BRCA1 was se-
creted into the medium in estrogen-stimulated cells,
we determined that the nuclear location of the
BRCAL1 protein did not change in cells stimulated
with estrogen. Initially, there were conflicting re-
ports that indicated that BRCA1 was either expressed
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Figure 5. Inhibition of estrogen (Ez)-induced BRCAT mRNA
by IC1-182780 in breast and ovarian cancer cells. (A and B) MCF-
7 (A) and BG-1 cells (B) were cultured in DMEM/F12 plus 5%
SFCS as described in Materials and Methods. The cells were
plated at a density of 2 x 10° cells/100-mm tissue-culture dish
and maintained overnight in DMEM/F12 plus 5% SFCS. Then,
the cells were either harvested (solid squares) or subjected to
treatment with estrogen (10 nM) (open circles), 1CI-182780 (1
uM) (solid triangles), and both (open squares) for 24, 48, 72,
and 144 h. (C) Ribonuclease protection analysis of BRCAT mRNA
expression targeted to exons 20, 21, and 22. (D) Phosphorimage
analysis of BRCAT expression in MCF-7 (open bars) and BG-1
cells (solid bars), corrected for expression of the control gene
cyclophilin. The values shown are in arbitrary units (BRCA1/
cyclophilin). (E) Western analysis of MCF-7 and BG-1 cells treated
with estrogen (lanes 1 and 4), IC|-182780 (lanes 2 and 5), or
both (lanes 3 and 6) for 72 h after a 5-d starvation in estrogen-
free medium.
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exclusively in the nucleus [26] or expressed in both
the cytoplasm and the nucleus [27]. While techni-
cal reasons related to antibodies, fractionation pro-
cedures, and immunofluorescence protocols [26-28]
may explain this data, there may also be biological
explanations. Since these initial reports, additional
experiments have shown that BRCA1 is predomi-
nantly a nuclear protein [40,41]. One report sug-
gests that BRCA1 is associated with cytoplasmic
components that penetrate the nucleus [42]. Some
investigators have examined the localization of
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Figure 6. Localization of BRCA1 protein in estrogen stimu-
lated BG-1 ovarian cancer cells. Cellular proteins from loga-
rithmically growing HBL-100 cells (fanes 1 and 2) or 72
hr-estrogen stimulated BG-1 cells (lanes 3 and 4) were fraction-
ated into nuclear (lanes 1 and 3) or cytoplasmic and membrane
(lanes 2 and 4) components. Whole-cell extract from
unstimulated (lane 5) and estrogen-stimulated (lane 6) BG-1
cells were run as loading controls. In addition, conditioned
medium (CM) from HBL-100 and estrogen-stimulated BG-1 cells
was concentrated and run in lanes 7 and 8, respectively.

BRCA1 after DNA damage and have found that
while the location within the nucleus changes,
BRCA1 remains nuclear after damage [40,43]. We
were interested in investigating whether the pro-
liferative status and expression level of BRCA1 re-
sulted in a change in the location of the protein,
specifically in the appearance of BRCA1 in the cy-
toplasmic/membrane compartment. We did not
observe any change in the location of BRCA1 after
estrogen stimulation. Little or no cytoplasmic
BRCA1 was detected. More recent data suggest that
some cells express an alternately spliced form of
BRCAL1 that produces a protein that has no nuclear
localization signals. It has been shown in transfec-
tion experiments that this form of BRCA1 remains
cytoplasmic [12]. We are currently examining the
expression of this variant form after estrogen treat-
ment of our cells.

The kinetics of accumulation of BRCA1 mRNA dif-
fered in ovarian and breast cells. Early accumula-
tion of BRCA1 in ovarian BG-1 cells occurred within
24 h, whereas BRCAI mRNA levels in MCF-7 cells
peaked at 72 h in response to estrogen. It is inter-
esting that BG-1 cells grew faster than MCF-7 cells
did. Consequently, we speculate that early expres-
sion of BRCA1 in BG-1 cells may be related to faster
cell growth. Similarly, when we compared the pat-
terns of BRCA1 expression and cell growth of C7-
MCF-7 with those of parental MCF-7 cells, we
observed that C7-MCF-7 cells proliferated faster (Fig-
ure 1) and expressed higher levels of BRCAI within
24 h. We interpreted this early expression of BRCA1
in C7-MCF-7 cells as a consequence of the higher

number of ERs, which may have accelerated estro-
gen-induced proliferation. These data are evidence
of an association between the rate of cell growth
and stimulation of BRCAI expression in breast and
ovarian cancer ER-positive cells. This notion is cen-
tral to the concept that BRCAI encodes peptides
with growth-inhibitory properties [10], and accel-
erated proliferation may trigger early BRCA1 expres-
sion in an effort to hamper cell growth. Therefore,
despite cell- and tissue-specific mechanisms that
may be specific to ovarian and breast tissue, our find-
ings suggest that upregulation of BRCA1 may be a
feedback mechanism related to rate of cell prolif-
eration and, therefore, cell density. On the other
hand, early induction of BRCA1 in BG-1 cells may
imply direct responsiveness of BRCA1 to estrogen
in ovarian but not breast cells. In fact, in MCF-7
cells expression of pS2 reached a maximum within
24 h, whereas BRCAI mRNA did not peak until 72
h. It is conceivable that late stimulation of BRCA1
in MCF-7 cells may be the result of cell growth in-
duction by autocrine/paracrine pathways triggered
by estrogen [44].

Overall, our observations support the contention
that estrogen-stimulated cell proliferation may be
a prerequisite for upregulation of expression of
BRCAL. A previous study indicated that BRCA1 in-
hibits breast and ovarian cancer cell growth and,
therefore, confirmed that BRCA1 is a growth in-
hibitor and tumor suppressor gene [10]. In addi-
tion, antisense experiments indicated that BRCA1
is a protective negative feedback regulator of cell
growth [19,24]. We have preliminary data that
show the expression of antisense BRCAI mRNA in
BG-1 cells inhibits endogenous accumulation of
BRCA1 transcripts and permits accelerated growth
of antisense BG-1 cells in response to estrogen [45].
Similarly, induction of BRCA1 expression with
antisense oligonucleotides accelerates the growth
of normal and malignant mammary epithelial cells
[19] and provided evidence that BRCA1 indeed may
act as a negative regulator of mammary epithelial
cell proliferation. Whether estrogen induction of
BRCAL1 is due to activation of regulatory elements
within the BRCAT sequence [46] or to autocrine/
paracrine loops induced by estrogen necessitates
further investigation.
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Inhibition of BRCA-1 Expression by
Benzo[a]lpyrene and its Diol Epoxide
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The objective of this study was to investigate whether polycyclic aromatic hydrocarbons (PAHSs) contribute to the
etiology of sporadic breast cancer by altering the expression of BRCA-1. Acute exposure to the PAH benzo[alpyrene
(B[alP) inhibited in a time- and dose-dependent fashion cell proliferation and levels of BRCA-7 mRNA and protein in
estrogen receptor (ER)-positive breast MCF-7 and ovarian BG-1 cancer cells. Moreover, the acute exposure to Bla]P
abrogated estrogen induction of BRCA-1in MCF-7 cells. The loss of BRCA-1 expression was prevented by the aromatic
hydrocarbon receptor (AhR) antagonist a-naphthoflavone, suggesting participation of the AhR pathway. BRCA-1 exon
1a transcripts were downregulated by B[a]P faster than exon 1b mRNA was. Long-term exposure to Bla]P (40nM for
15mo) lowered BRCA-1 mRNA levels in subclones of MCF-7 and BG-1 cells, whereas expression of BRCA-1 in these
clones was reverted to normal levels by washing out of B[a]P. The mechanisms of BRCA-1 repression by Bla]P were
further investigated by examining the effects of the halogenated aryl hydrocarbon 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) and the B[a]P metabolite 7r,8t-dihydroxy-9t,10t-epoxy-7,8,9,10-tetrahydrobenzo[alpyrene (BPDE).
While TCDD did not influence basal BRCA-7 mRNA and protein levels at any of the doses (from 10nM to 1 pM) tested
in this study, treatment with 50 nM BPDE drastically reduced BRCA-7 mRNA levels, indicating that metabolism of B[a]P
to BPDE may contribute to downregulation of BRCA-1. Conversely, ER-negative breast MDA-MB-231 and HBL-100
cancer cells were refractory to treatment with B[alP or TCDD and expressed constant levels of BRCA-7 mRNA
and protein. We conclude that B[a]P may be a risk factor in the etiology of sporadic breast cancer. Mol. Carcinog.

26:100-118, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

Significant efforts have been devoted to dissecting
the biological function of the breast and ovarian
cancer susceptibility gene, BRCA-1, since its dis-
covery in 1994 [1,2]. The characterization of many
germline mutations in familial breast and ovarian
cancer has confirmed the role of BRCA-1 as a tumor
suppressor gene [3]. Although the presence of zinc-
finger and nuclear-localization domains [4] imply
that BRCA-1 has transcription-activation functions
[5], alternative subcellular compartmentalization of
BRCA-1 peptides may be linked to the onset of
sporadic breast cancer [6] or related to unknown
functions of BRCA-1 [7,8]. In mitotic and meiotic
cells, both BRCA-1 and BRCA-2 interact with rad51,
which is involved in repairing double-stranded
breaks and recombination-linked repair [9,10], sug-
gesting that both BRCA-1 and BRCA-2 function as
caretakers in the maintenance of genome integrity
[11]. Additionally, recent findings provided impor-
tant evidence that BRCA-1 is involved in transcrip-
tion-coupled repair of oxidative DNA damage [12].

© 1999 WILEY-LISS, INC.

Family history and dietary, reproductive, hormo-
nal, and environmental factors may contribute to
breast cancer risk. Specific mutations in the zinc-
finger domain localized to the amino-terminus of
the BRCA-1 peptide have been identified in inher-
ited breast and sporadic ovarian cancer [13]. How-
ever, to date there is no evidence of a causal
relationship between mutations in the coding
region of BRCA-1 and the incidence of sporadic
breast cancer. Therefore, non-mutational events
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that alter the expression of BRCA-1, including
environmental insults, may be responsible for the
onset of sporadic mammary neoplasia. In keeping
with this notion, the levels of BRCA-1 mRNA are
decreased in sporadic breast tumors [14], whereas in
familial breast carcinomas, loss of BRCA-1 is linked
to regulatory mutations [15].

Previous investigations have documented down-
regulation of BRCA-1 mRNA in human breast [16]
and ovarian [17] cancer cells by DNA-damaging and
cytotoxic agents, including doxorubicin and ultra-
violet radiation. Our goal was to investigate the
effects of acute and chronic exposure to polycyclic
aromatic hydrocarbons (PAHs) on expression of
BRCA-1. PAHs, which have been shown to induce
mammary tumors in rodents [18], are ubiquitous
contaminants found in tobacco smoke, industrial
pollution, coal tar, and auto exhaust [19]. The
exposure to PAHs may disrupt endocrine functions
by altering the expression of estrogen-inducible
genes [20], the oxidative metabolism of estrogen
[21], and the expression of progesterone, epidermal
growth factor, and estrogen receptor (ER) [22]. The
PAH benzo[a]pyrene (B[a]P) is a classic DNA-dama-
ging carcinogen [23] found in amounts of 20-40ng
per cigarette [24]. B[a]P displays high affinity for the
aromatic hydrocarbon receptor (AhR). The AhR is a
ligand-activated transcription factor that regulates
transcription of several PAH-responsive genes and
the induction of apoptosis by dioxin-like com-
pounds in immature thymocytes [25,26]. Activation
of the AhR signal transduction pathway requires the
assembly of a heterocomplex comprised of an AhR
ligand, the AhR, and a nuclear translocator protein
(AhR nuclear translocator (ARNT)) [27]. The AhR
heterocomplex transactivates promoter elements of
a multitude of genes, such as those encoding
enzymes of the cytochrome P450 (CYP) family,
which, along with other modifying enzymes, meta-
bolize B[a]P to a number of end products, including
the mutagenic diol-epoxide 7r,8t-dihydroxy-9t,10t-
epoxy-7,8,9,10-tetrahydrobenzo[alpyrene  (BPDE)
[28]. The metabolite BPDE has been shown to form
stable DNA adducts at mutational hot-spots in the
p53 [24] and Ha-ras [29] genes and to disrupt Spl-
dependent transcription and the binding of E2F
heterodimers to DNA [28]. In addition, BPDE has
been shown to induce growth arrest and DNA
damage in murine 373 fibroblasts [30].

In previous studies, we have documented that
estrogen induces the expression of BRCA-1 in ER-
positive breast and ovarian cancer cells through
mechanisms that involve the ER [31,32]. Here, we
present evidence that both acute and chronic
exposure to B[a]P abrogate the expression of
BRCA-1 in ER-positive breast MCF-7 and ovarian
BG-1 cancer cells but not in ER-negative breast
MDA-MB-231 and HBL-100 cancer cells. Also, we
document that the reactive metabolite BPDE

repressed BRCA-1 transcripts in MCF-7 cells. The
results presented in this report support the notion
that in ER-positive cells, activation of the AhR by
B[a]P may be a risk factor in the etiology of sporadic
breast cancer.

MATERIALS AND METHODS

Cell Culture and Proliferation Assay

Regulation of expression of BRCA-1 by AhR
ligands was investigated in ER-positive breast MCF-
7 and ovarian BG-1 cancer cells and ER-negative
breast MDA-MB-231 and HBL-100 cancer cells
obtained from the American Type Culture Collec-
tion (Manassas, VA). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium (Sigma Chemical Co., St. Louis, MO)
supplemented with 10% fetal calf serum (FCS)
(Hyclone Laboratories, Inc., Logan, UT). Bla]P,
benzole]pyrene (Ble]P), a-naphthoflavone (ANF),
and 17B-estradiol were obtained from Sigma Che-
mical Co., BPDE and TCDD were obtained from
Midwest Research Institute (Kansas City, MO). For
proliferation studies, cells were plated at a density of
2 x 108 cells/100-mm tissue-culture dish and main-
tained overnight in DMEM/F12 plus 10% FCS. Three
dishes were assigned to each experimental treat-
ment. At the end of the incubation periods, the cells
were counted in triplicate (n=9). Before treatment
with estrogen, the cells were preconditioned for 5d
in phenol red-free medium containing 5% char-
coal-stripped FCS (CS-FCS) (Hyclone Laboratories,
Inc.) as previously described [32]. Then, the cells
were cultured in DMEM for the designated time in
5% CS-FCS free of phenol red in the presence or
absence of 10nM estrogen.

Ribonuclease Protection Assay

Total cellular RNA was extracted by using a
guanidinium thiocyanate procedure [33]. The integ-
rity of the total RNA was confirmed by electro-
phoretic analysis of ribosomal 28S and 18S subunits
(data not shown). Changes in BRCA-1 mRNA were
measured by ribonuclease protection assay as
described previously [32] by using the Hybspeed
kit (Ambion Inc., Austin, TX). Briefly, a DNA
fragment of 162bp encoding a portion of exon 15
was amplified by using the forward DF15 and reverse
DR14 oligonucleotides (Table 1). That the fragment
was identical to the BRCA-1 sequence deposited in
GenBank was ascertained by direct sequencing of
the polymerase chain reaction (PCR) product,
which was cloned in the antisense orientation into
the transcription vector Triplescript (Ambion Inc.).
In vitro transcription from this construct generated
a riboprobe that hybridized with BRCA-1 mRNA to
protect a fragment of the expected length (data not
shown). As an internal control, we transcribed a
riboprobe for human cyclophilin by using the pTRI-
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Table 1. Primers for BRCA-1 and CYP1AT

Gene Primers

Primer sequence

BRCA-1exon 1a  DF1
BRCA-1exon 1b  LH9-F
BRCA-1 exon 2 MDF1

5-AGCTCGCTGAGACTTCCTGGA-3’
5'-ACGTCGGCTGGTCATGAG-3’
5/-TAATACGACTCACTATAGGGAGGAGCTCGCTGAGACTTCCT-

GGATATCTGCTCTTCGCGTTGAAG-3"*

BRCA-1 exon 8 DR6

5/-CAATTCAATGTAGACAGACGT-3'

MDR6 5/-T,0CAATTCAATGTAGACAGACGT-3’
BRCA-1exon 15 DF15 5/-ATGATAGGTGGTACATGCACA-3’

DR14 5/-CTAGATCTTGCCTTGGCAAGT-3'
CYPIAT ATAF 5/-TAACATCGTCTTGGACCTCTTTG-3'

A1AR 5/-GTCGATAGCACCATCAGGGGT-3'

*The underlined sequence represents the T7 RNA polymerase promoter.

cyclophilin template (Ambion Inc.), which, upon
digestion with RNAse, protects a fragment of 103 bp.
BRCA-1 mRNA was quantitated by phosphorimage
analysis in arbitrary units corrected for the expres-
sion of the control, cyclophilin mRNA (BRCA-1/
cyclophilin).

Competitive Reverse Transcription—PCR

For competitive reverse transcription (RT)-poly-
merase chain reaction, we used the strategy
described in the QuantumRNA Module (Ambion
Inc.). We constructed a competitive DNA template
from which we generated by PCR a 582-bp product,
130 bp smaller than the endogenous 712-bp BRCA-1
fragment amplified by using the forward (DF1) and
reverse (DR6) oligonucleotides (Table 1). The com-
petitive forward primer (MDF1) was designed to
bind 152 bp downstream from DF1 and included a
T7 polymerase promoter at the 5’ end. The reverse
competitive primer (MDR6) contained the oligonu-
cleotide DR6 and a 20-bp poly(T) tail. The compe-
titive DNA fragment generated by PCR was used as a
template in a transcription reaction using the
MAXIscript kit (Ambion Inc.). After DNAse treat-
ment, the synthetic RNA was purified by phenol-
choloroform extraction and ethanol precipitated.
The synthetic RNA was quantitated and added to RT
reaction mixtures containing total RNA from MCF-7
cells cultured in DMEM/F12 in the presence or
absence of 5uM B[a]P for 48 h. Total cellular and
synthetic RNAs were incubated with random hex-
amer primers, Moloney murine leukemia virus
reverse transcriptase, RNAse inhibitor (Life Technol-
ogies/Gibco BRL, Gaithersburg, MD), and RT buffer
(Ambion Inc.) at 42°C for 1h. After RT-PCR with
DF1 and DRé6 as the forward and reverse oligonu-
cleotides, respectively, the BRCA-1 transcripts were
quantitated by logarithm transformation of the
ratio between endogenous and competimer BRCA-
1 mRNA and plotted against the logarithm of input
competimer BRCA-1 mRNA.

Semiquantitative RT-PCR

For semiquantitative RT-PCR, DNA was amplified
by PCR with the primers described in Table 1. The
PCR products were of the expected sizes, and that
they were identical to the BRCA-1 (accession no.
U14680) and CYPIA1 (accession no. KO03191)
sequences deposited in GenBank was confirmed by
direct sequencing. Oligonucleotides for BRCA-1
were designed to amplify a 712-bp PCR product
spanning exon la (DF1, forward) to exon 8 (DR6,
reverse). The primers for the internal standards S15
and 18S ribosomal RNA were from Ambion Inc. The
levels of 18S ribosomal RNA (488bp) and S15
(488bp) PCR products were used as controls for
the PCR conditions and equal loading. PCRs were
performed by using Vent DNA polymerase (New
England Biolabs, Beverly, MA). Preliminary relative
semiquantitative pilot experiments were performed
to assure that the PCR products were generated in a
linear range. The expression levels of BRCA-1 mRNA
were quantified by Alpha Imager (Alpha Innotech
Inc., San Diego, CA) analysis in arbitrary units
corrected for expression of the control mRNA
(BRCA-1/185).

Western Blot Analysis

Western blot analysis was performed as previously
described [31]. Protein extracts were prepared by
lysing cells in sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis sample buffer. Cell extracts
were normalized to protein content and separated
by 4-12% gradient sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. After transfer to
nitrocellulose membranes, the blots were blocked
with Tris-buffered saline containing 10% dried milk
and 0.1% Tween-20. BRCA-1 immunoblotting was
performed with the BRCA-1-Ab2 antibody (Onco-
gene Research Products, Cambridge, MA), which
was raised against an amino-terminal fusion pro-
tein, diluted 1:50 in 2% milk in Tris-buffered saline
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with Tween-20. The immunoblots were incubated
with anti-BRCA-1 antibodies for 2h at room
temperature and then with a secondary antibody
(Boehringer Mannheim Corp., Indianapolis, IN).
Normalization of western blots was performed by
incubating them with actin antibody-1 (Oncogene
Research Products). The immunocomplexes were
detected by enhanced chemiluminescence (Amer-
sham Corp., Arlington Heights, IL).

RESULTS

Lethal Effects of B[a]P on ER-Positive cells

Because expression of BRCA-1 is upregulated in
proliferating breast cancer cells [32], we first studied
the relationships between acute exposure to B{a]P
and cell proliferation of ER-positive breast (MCF-7)
and ovarian (BG-1) cancer cells and ER-negative
breast (MDA-MB-231 and HBL-100) cancer cells. We
exposed the cells to various concentrations of B[a]P
ranging from 50nM to 10uM, a range similar to
those used to induce cell transformation of primary
mammary epithelial cells [34] and modulate the
expression of c-Ha-ras mRNA [35]. In preliminary
studies, we found that the exposure to Bfa]P
compromised cell viability (as determined by trypan
blue exclusion) of ER-positive MCF-7 breast cells in a
dose-dependent fashion. Compared with the viabi-
lity of cells cultured in control DMEM plus 10% FCS,
the viabilities of MCF-7 cells treated for 72 h with 1
and 10uM B[a]P were reduced 3.6- and 10-fold,
respectively (data not shown). In time-course
experiments, 5pM B[a]P inhibited growth of MCF-
7 and BG-1 cells by 24 h (Figure 1). Growth arrest
was followed by cell death at 48-72h. Conversely,
ER-negative MDA-MB-231 and HBL-100 cells were
refractory to all of the B[a]P doses tested in this
study. In fact, in the presence of 5 uM B[a]P for 72 h,
there was a 2.5-fold increase in cell number for both
ER-negative cell lines, whose growth did not differ
from that of cells grown in control DMEM/F12 plus
10% FCS medium (Figure 1C and D). These data
indicated that sensitivity to B[a]P was cell specific, as
only the viabilities of ER-positive MCF-7 and BG-1
cells were compromised by treatment with B[a]P.

Upregulation of CYPTAT by B[a]P Associated with
Loss of BRCA-1 mRNA and Protein Expression in
ER-Positive Cells

The levels of CYPIAI mRNA were elevated by
treatment with 5 uM B[a]P in MCF-7, MDA-MB-231,
and HBL-100 cells (Figure 2A) and in BG-1 cells (data
not shown) irrespective of ER status, providing
evidence that treatment with B[a]P activated the
expression of the AhR-dependent gene CYPIAI.
Next, we investigated whether the acute exposure to
B[a]P influenced the expression of BRCA-1. For this
purpose, we extracted total RNA from asynchronous
ovarian (BG-1) and breast (MCF-7) cancer cells

exposed to increasing concentrations of B[a]P for
various periods of time. Ribonuclease protection
analysis of total RNA documented downregulation
of BRCA-1 mRNA by B[a]P in MCF-7 cells (Figure
2B). Phosphorimage analysis of BRCA-1 transcripts
corrected for the internal control cyclophilin mRNA
indicated that the BRCA-1 levels were reduced 2.2-
fold in the presence of B[a]P.

The negative effects of B[a]P on expression of
BRCA-1 were confirmed by competitive RT-PCR.
Figure 2C shows that the addition of increasing
amounts of exogenous BRCA-1 mRNA to the RT
reactions resulted, as expected, in lower yields of
endogenous BRCA-1 products. However, by com-
paring the log values of the ratios of the 712-bp RT-
PCR product spanning exon la (type o) to exon 8
and the 582-bp exogenous BRCA-1 competimer, we
ascertained that BRCA-1 mRNA was less abundant in
cells exposed to B[a]P. The slopes of the two straight
lines were similar for cells grown in DMEM alone
(-0.55, R?>=0.996) and in B[a]P (-0.435,
R?=0.984), indicating accurate quantification of
exogenous RNA and equal amplification efficiency.
However, the points of intersection of the two
straight lines at log =0, at which the ratios between
endogenous and competimer products are equal to
1, indicated that the relative amounts of BRCA-1
mRNA in cells cultured in the presence of B[a]P were
lower than those found in control (DMEM-treated)
cells.

For semiquantitative RT-PCR, we ascertained in
pilot experiments that a 30-cycle PCR amplification
of BRCA-1 required a minimum input of cDNA
synthesized from 200ng of total RNA (Figure 2D).
Increasing the input cDNA to that from 400 and
600ng of total RNA obtained from MCEF-7 cells
cultured in DMEM resulted in a linear increase in
BRCA-1 amplification. In contrast, the levels of
BRCA-1 mRNA in MCF-7 cells treated with B[a]P
were reduced significantly, irrespective of the
amount of input cDNA. Therefore, we concluded
that under the experimental conditions of this
study, the lower PCR yields from cells exposed to
B[a]P were a consequence of reduced concentration
of BRCA-1 transcripts in total RNA. For subsequent
experiments, RT-PCR was performed with input
cDNA from 400 ng of total RNA.

Our results indicated that B[a]P reduced BRCA-1
type o transcripts in BG-1 (Figure 2E) and MCF-7
cells in a dose-dependent (Figure 2F) and time-
dependent (Figure 2G) fashion. The time-dependent
effects were evident within 12-24h after treatment
with 5uM B[a]P. Conversely, in untreated MCF-7
cells, the expression of BRCA-1 mRNA peaked at
12h and remained detectable later. Loss of BRCA-1
mRNA was paralleled by downregulation of BRCA-1
protein (Figure 2H), which, in agreement with the
expected size of the full-length peptide, was immu-
noblotted as a band of approximately 220kDa.
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Figure 1. Effect of B[a]P on cell proliferation of breast and ovarian
cancer cells. MCF-7 (A), BG-1 (B), MDA-MB-231 (C), and HBL-100 (D)
cells were cultured in DMEM/F12 plus 10% FCS in the absence (filled
circles) or presence (open squares) of 5 uM Bfa]P for 72 h as described

in Materials and Methods. The data represent mean cell numbers =t -
standard deviations of triplicate samples from two independent
experiments.
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Figure 2. Induction of CYP1AT by B[a]P and inhibition of BRCA-1
type o MRNA in ovarian and breast cancer cells. (A) Treatment with
Bla)P activated the expression of CYPTAT mRNA in MCF-7, MDA-
MB-231, and HBL-100 breast cancer cells. The bands represent
CYP1A1(397 bp) and ribosomal 185 RNA (488 bp) RT-PCR products
from total RNA extracted from cells cultured in control DMEM/F12
plus 10% FCS in the absence or presence of 5 uM Ba]P for 72 h. (B)
Ribonuclease protection analysis of BRCA-T mRNA in MCF-7 cells.
The bars represent the means % standard deviations of BRCA-1/
cyclophilin arbitrary phosphorimage units from two independent
experiments. (C) Competitive RT-PCR yields from various amounts of
synthetic BRCA-1 mRNA. The diagram shows quantitation of BRCA-
7 mRNA in MCF-7 cells in DMEM only or in the presence of 5uM

Bla]P. (D) Semiquantitative RT-PCR analysis of BRCA-1 expression
from increasing amounts of input total RNA from control and Bfa]P-
treated MCF-7 cells. (E) BRCA-1 (712 bp) and control $15 (361 bp)
RT-PCR products from total RNA extracted from BG-1 cells cultured
in control DMEM/F12 plus 10% FCS in the absence or presence of
5 uM B[a]P for 24, 28, and 72 h. (F) Expression of BRCA-1 mRNA in
MCF-7 cells treated with increasing concentrations of B[a]P for 72 h,
measured by RT-PCR as described in Materials and Methods. (G) RT-
PCR analysis of the time-dependent effects of 5 uM B[alP on BRCA-1
mMRNA in MCF-7 cells. (H) Western analysis of BRCA-1 expression
after treatment with 5uM BlalP for various periods of time. The
control bands are p-actin immunocomplexes visualized by incubating
the blots with antibody-1.
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Figure 3. Effect of B[a]P on levels of type a and B BRCA-1 mRNA.
Total RNA was collected after treating MCF-7 cells with 5pM Ba]P
for 24, 48, and 72 h. RT-PCR was performed as described in Materials

Overall, the temporal profiles of expression of
BRCA-1 suggested that downregulation of BRCA-1
mRNA in MCF-7 cells preceded loss of cell viability
by approximately 12-24h. With respect to the
variation in BRCA-1 protein at different time points,
we detected increased expression of BRCA-1 at 12h
in both control and B[a]P-treated cells. This was
somewhat expected, as upregulation of BRCA-1 is
typically seen in rapidly proliferating cells [31].
Nevertheless, in the presence of B[a]P, the levels of
BRCA-1 protein declined more rapidly and were not
detectable at 48 and 72 h. Therefore, while expres-
sion of CYP1A1 mRNA was upregulated by B[a]P in
all of the breast cancer cell lines tested in this study,
loss of BRCA-1 mRNA and protein suggested a
negative effect of B[a]P on BRCA-1 expression in
ER-positive breast and ovarian cancer cells.

Because exons la and 1b are constitutively
transcribed from promoters o and B, respectively,
we tested whether B[a]P differently altered tran-

and Methods. The expression levels of BRCA-7 mRNAs were
quantified by phosphorimager analysis in arbitrary units corrected
for expression of the control 18S ribosomat RNA.

scription from the two BRCA-1 promoters. After RT,
exon 1b (type-B) cDNAs were amplified by using the
forward oligonucleotide LH9F [36] and the reverse
oligonucleotide DR6 (exon 8) (Table 1). As depicted
in Figure 3, in control cells, basal expression of exon
1b transcripts was lower than that of exon la
transcripts, confirming higher levels of type a
mRNA in mammary epithelial cells. However, in
cells treated with B[a]P, the levels of both transcripts
rapidly decreased, although type o mRNA was
reduced at a faster rate than was type B mRNA
(5.0- vs 2.0-fold).

No Downregulation of BRCA-1 by B[a]P in ER-Negative
Breast Cancer Cells

Consistent with our proliferation data, B[a]P had
no effect on expression of BRCA-1 in MDA-MB-231
(Figure 4) and HBL-100 (data not shown) cells,
which contained constant levels of BRCA-1 mRNA.
Therefore, these results suggested that the loss of
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Figure 4. Lack of effect of B[alP on expression of BRCA-1 in
ER-negative MDA-MB-231 cells. Total RNA was extracted from
MDA-MB-231 breast cancer cells treated with 5 uM B[a]P for 24, 48,
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Figure 5. Downregulation of BRCA-1 in breast and ovarian cancer
cells by chronic exposure to B[a]P. (A) MCF-7 and BG-1 cells were
exposed to 40 nM BlaJP for 6, 7, 8, and 18 wk. At the end of each
incubation period, total RNA was extracted and RT-PCR performed
as described in Materials and Methods. The bands represent the
levels of type o BRCA-1 and 18S ribosomal RNA. (B) Wash-out
experiment. Five each subclones of MCF-7 and BG-1 cells maintained

Chronic
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and 72 h. The levels of BRCA-1 type o and 18S ribosomal RNA were
examined by RT-PCR as described in Materials and Methods.
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in the presence of 40 nM B[a]P for 15 mo were plated in DMEM/F12
plus 10% FCS and cultured for 72 h in the absence of Bla]P. The bars
represent mean levels of BRCA-7 type oo mRNA = standard deviations
measured by RT-PCR of total RNA extracted from five independent
subclones and corrected for expression of the control 18S ribosomal
RNA.
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Figure 6. Bla]P disruption of estrogen-dependent proliferation
and expression of BRCA-1. (A) MCF-7 cells preconditioned in 5% CS-
FCS phenol red-free medium were induced with 10nM estrogen
(E,) in the absence or presence of increasing amounts of B[a]P for
72 h. At the end of the incubation period, the cells were counted in

BRCA-1 was probably not a consequence of the
general cytotoxicity of B[a]P. B[a]P may trigger
downregulation of BRCA-1 through mechanisms
that are unique to ER-positive cells, as neither cell
viability nor expression of BRCA-1 was affected by
B[a]P in ER-negative breast cancer cells.

Long-Term Exposure to B[a]P

To examine whether perturbations in expression
of BRCA-1 could also be induced by long-term
exposure to low levels of B[a]P, we exposed MCF-7
and BG-1 cells to 40 nM B[a]P for various periods of
time. After continuous passage for 6, 7, 8, and 18 wk
in B[a]P-containing medium, we measured the
expression of BRCA-1 mRNA in subclones of MCF-
7 and BG-1 cells. As depicted in Figure 5, the chronic
exposure to B[a]P significantly reduced the levels of
BRCA-1 mRNA, in the absence of any effects on cell
viability (data not shown). Next, we examined
whether expression of BRCA-1 could be restored by

MCEF-7

B BlalP
Bla]P + 10nM Ez

1
Bla]P (uM)

(M B[a]P)

~&— BRCA-1 (712 bp)
~— 185 (488 bp)

triplicate (n=9). The bars represent mean cell numbers = standard
deviations from two independent experiments. (B) RT-PCR analysis of
estrogen-dependent expression of BRCA-1 type o mRNA in MCF-7
cells cultured for 72 h in the absence or presence of 10 nM estrogen
(E,) plus increasing amounts of Bla]P.

washing out B[a]P. Five subclones each of MCF-7
and BG-1 cells maintained in the presence of 40 nM
B{a]P for 15 mo were plated in DMEM/F12 plus 10%
FCS and cultured for 72h without Bfa]P. Removal
of B[a]P restored BRCA-1 mRNA expression. These
findings supported the notion that chronic expo-
sure to B[a]P may repress BRCA-1 expression, per-
haps through regulatory mechanisms (Figure 5B).

Disruption of Estrogen Induction of BRCA-T in MCF-7
Cells by B[a]P

Published observations [31] and our work [32]
have documented that BRCA-1 expression is
induced by estrogen in breast and ovarian cancer
cells. Because PAHs may disrupt estrogen-depen-
dent expression, we tested whether B[a]P influenced
estrogen regulation of BRCA-1. Breast MCF-7 cells
were preconditioned for 5d in phenol red-free
DMEM/F12 plus 5% CS-FCS. The cells were then
treated for 72 h with 10 nM estrogen in the absence
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Figure 7. Treatment with ANF counteracted the inhibitory effects
of B[a)P on cell proliferation and expression of BRCA-1. (A) MCF-7
cells were cultured for 72h in DMEM/F12 plus 10% FCS in the
absence or presence of 5uM B[a)P and increasing amounts of ANF.
At the end of the incubation period, the cells were counted in
triplicate (n=9). The bars represent mean cell numbers + standard

or presence of 5uM B[a]P. As expected, estrogen
stimulated cell proliferation (2.1-fold) of MCEF-7
cells (Figure 6A). Nevertheless, the addition of B[a]P
to the culture medium reduced in a dose-dependent
fashion the number of viable cells. Cell loss was

deviations from two independent experiments. (B and C) RT-PCR (B)
and western blotting (C) analyses of BRCA-1 expression after
stimulation with B[a]P in the absence or presence of increasing
amounts of ANF. The control bands in panel C are B-actin
immunocomplexes visualized by incubating blots with antibody-1.

counteracted in part by treatment with estrogen.
With respect to BRCA-1 expression, exposure to 0.05
or 0.5 M BJ[a]P plus estrogen did not alter BRCA-1
expression, whereas S uM B[a]P abrogated induction
of BRCA-1 mRNA by estrogen (Figure 6B).
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Figure 8. Effects of TCDD and BPDE on cell proliferation and
BRCA-1 expression. (A) Expression of CYP1ATin MCF-7 cells cultured
in DMEM/F12 plus 10% FCS in the absence or presence of 10nM
TCDD for 72 h. (B) MCF-7 cells were cuitured in the presence of
increasing concentrations of TCDD for 72h. At the end of the
incubation period, the cells were counted in triplicate (n=9). The
bars represent mean cell numbers + standard deviations from two
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independent experiments. (C and D) RT-PCR (C) and western (D)
analyses of BRCA-1 expression in MCF-7 cells after treatment with
TCDD for 72h. The control bands are B-actin immunocomplexes
visualized by incubating blots with antibody-1. (E and F) Growth
arrest (E) and RT-PCR (F) analyses of BRCA-1 expression in MCF-7
cells cultured in the presence of increasing amounts of BPDE for 24 h.
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Involvement of the AhR Pathway in Downregulation of
BRCA-1 by B[a]P

To investigate whether the deleterious effects of
B[a]P on BRCA-1 expression involved the AhR
pathway, we exposed cells to B[e]P. B[e]P is a PAH
that differs from B[a]P in that it binds with very low
affinity to the AhR [37] and does not inhibit DNA
synthesis in rat hepatocytes in primary culture {38].
Treatment with 5uM B[e]P did not influence cell

viability or the expression of BRCA-1 in MCF-7 cells
(data not shown). Positive direct evidence of the
involvement of the AhR pathway was obtained by
competition experiments in which MCF-7 cells were
exposed to S uM B[a]P, alone or in combination with
increasing amounts of the AhR antagonist ANF.
Concentrations of ANF ranging from 1 to SuM
reduced the negative effects of B[a]P on cell viability
(Figure 7A) without affecting BRCA-1 expression.
However, at doses of 25 uM, ANF restored BRCA-1
mRNA (Figure 7B) and protein (Figure 7C) expres-
sion, counteracting the negative effects of B[a]P.
These findings supported the hypothesis that down-
regulation of BRCA-1 by B[a]P may involve the
participation of the AhR pathway.

Loss of BRCA-1 mRNA Expression Induced by BPDE
but not TCDD

To further characterize the mechanisms of regula-
tion of BRCA-1 by AhR ligands, we exposed MCF-7
cells to the halogenated aryl hydrocarbon TCDD,
which is not metabolized but has a higher affinity
for the AhR than B[a]P does [39]. The treatment with
TCDD induced CYPIAI mRNA (Figure 8A) while
reducing the number of viable MCF-7 cells in a time-
dependent and dose-dependent (Figure 8B) fashion
starting at concentrations of 10 nM. However, loss
of cell viability was not coupled with loss of BRCA-1
mRNA (Figure 8C) and protein (Figure 8D) at any of
the TCDD concentrations tested in this study.
Therefore, activation of the AhR pathway by TCDD,
as assessed by induction of CYPIAI mRNA, did not
result in loss of BRCA-1 expression. These data
contradicted those obtained with B[a]P, which
compromised both cell viability and expression of
BRCA-1, and raised the question of whether down-
regulation of BRCA-1 requires metabolism of B[a]P.
Treatment with the metabolite BPDE at concentra-
tions ranging from S to 500 nM caused growth arrest
of MCF-7 (Figure 8E) and BG-1 cells (data not
shown), whereas 50nM BPDE was sufficient to
inhibit the expression of BRCA-1 mRNA (Figure
8F). These observations suggested that metabolism
of B[a]P to the reactive metabolite BPDE may
contribute to loss of BRCA-1 expression.

DISCUSSION

Cigarette smoke and environmental pollution are
vehicles of a complex mixture of compounds,
including carcinogenic PAHs, aromatic amines,
and nitrosoamines, all of which after metabolic
activation may induce DNA damage. PAHs are well-
characterized DNA-damaging and tumor-promot-
ing agents [40]. Of the many PAHs present in
tobacco smoke, B[a]P is considered a prototype
carcinogen [41]. Population studies documented
that smokers have more PAH-DNA adducts than
nonsmokers do and suggested a potential correla-
tion between tobacco smoking and the develop-
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ment of breast cancer [42]. In the absence of
efficient DNA repair, chromosomal aberrations
may initiate carcinogenesis [23]. For example,
transversion mutations in the p53 tumor suppressor
gene are associated with various types of tumors
related to defective repair of DNA adducts [24].
Removal of many types of DNA damage is highly
efficient in transcriptionally active DNA, where
lesions in the transcribed strand are rapidly
repaired. Consequently, downregulation of BRCA-
1 may compromise its participation in transcrip-
tion-coupled DNA repair and so lead to accumula-
tion of mutations and neoplastic transformation
{11].

Breast cancer ER-positive MCF-7 cells express the
AhR and have been used extensively to study the
effects of B[a]P and other PAHs on regulation of
expression of CYP1A1 and estrogen-inducible [20]
and tumor suppressor genes [24]. In this study, we
observed constitutive expression of the AhR in all of
the epithelial cell lines tested, including the ER-
negative MDA-MB-231 and HBL-100 lines (unpub-
lished observation). Our findings were in agreement
with published data documenting induction of
CYP1A1 by TCDD in MDA-MB-231 cells [43], which
contain approximately 40-fold more AhR mRNA
than MCF-7 cells do [44]. Thus, the induction of
CYP1A1 by B[a]P and TCDD observed in our studies
confirmed that the AhR pathway was operative in
these cell systems. However, upregulation of
CYP1A1 correlated with loss of BRCA-1 only in ER-
positive breast MCF-7 and ovarian BG-1 cells.
Interestingly, a comparison of levels of expression
of type o and B mRNAs ascertained that both BRCA-
1 transcripts were downregulated by B[a]P in MCF-7
cells. Specifically, the levels of type o mRNA
decreased faster in the presence of B[a]P, perhaps
suggesting differential regulation of the two BRCA-1
promoters.

In examining the time-dependent effects of B[a]P,
we found that loss of BRCA-1 occurred 12-24 h after
treatment with B[a]P and preceded by approxi-
mately 24h the death of MCF-7 and BG-1 cells.
Therefore, downregulation of BRCA-1 was probably
not due to mutational events, for which at least two
rounds of replication are required. These events are
also accompanied by a drastic reduction in the
expression of bcl-2 mRNA and increased 7-amino
actinomycin D staining [unpublished observations],
both of which are indicative of apoptosis [45,46]. In
previous investigations, growth of early embryos
was suppressed in the absence of BRCA-1, possibly
because of failure to repair DNA damage [47,48].
Therefore, it is conceivable that in the absence of
BRCA-1, cells may not respond to DNA damage
caused by B[a]P and so enter programmed cell death.
This hypothesis is being investigated in our labora-
tory and is consistent with previous findings
documenting induction of apoptosis in MCF-7 cells

in response to antiestrogens [49] and AhR ligands
[26]. Here, cotreatment of ER-positive cells with ANF
counteracted in a dose-dependent fashion the
deleterious effects of B[a]P on cell viability and
restored BRCA-1 mRNA and protein expression. The
antagonist ANF competes for the cytosolic AhR
binding sites, thus eliciting a conformational
change that lowers the affinity for DNA [50]. There-
fore, our data provide additional evidence that the
AhR may act as a negative transcription factor [20].
Under normal conditions, individuals are prob-
ably exposed to PAHs at concentrations much lower
than those used for acute experimental treatment.
Here, the chronic exposure to B[a]P elicited a
significant reduction in BRCA-1 mRNA in MCF-7
and BG-1 cells. In contrast, the withdrawal of B[a]P
restored BRCA-1 to control levels, indicating that
continuous passage in B[a]P-containing medium
may inhibit BRCA-1, perhaps through regulatory
mechanisms. These observations may be important
in examining the role of intensity and duration of
exposure to environmental PAHs and possibly the
role of B[a]P present in tobacco smoke in the
etiology of sporadic breast cancer. Epidemiological
evidence points to tobacco smoking as a possible
risk factor in breast carcinogenesis as an early-stage
promoter in the process that may lead later in life to
the development of mammary neoplasia [42,51,52].
In mammalian cells, maintenance of genome
integrity is the result of production and repair of
DNA damage. Consequently, repression of BRCA-1
due to prolonged exposure to PAHs may predispose
to fixation of mutations and tumor development.
Our results illustrate that B[a]P abrogates the
stimulatory effects of estrogen on BRCA-1 expres-
sion. B[a]P induces the expression of the CYP1Al
enzyme, which, in turn, stimulates the hydroxyla-
tion of endogenous estrogen at the C2, —6a, and
—15a positions [21]. The enzyme CYP1B1, another
member of the Ah gene family, catalyzes the
hydroxylation of estrogen to 4-hydroxyestradiol
{53]. Therefore, the oxidation of estrogen catalyzed
by enzymes of the CYP family may be responsible
for the disruption of estrogen-induced BRCA-1.
Cooperativity between the ER and AhR pathways
was elegantly investigated in previous studies in
which transfection of expression vectors encoding
the ER into ER-negative breast cancer MDA-MB-231
cells compensated for the expression in this cell line
of a variant ARNT [7,54,55]. Nevertheless, recent
observations suggested that the ER may play an
ancillary role in the regulation of transcription of
estrogen-responsive genes and attributed a pivotal
function to transcription factors or receptors that
bind to the ER [56]. For example, the transcription
factor Sp1 is ubiquitous and plays both a stimulatory
role and an inhibitory role in a cell- and promoter-
specific manner [57]. This selectivity is influenced
by the availability of nuclear ligands. The C-
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terminal region of the Sp1 protein interacts with the
ER, forming an ER-Sp1l complex that transactivates
responsive elements. However, in the presence of
AhR ligands, the AhR and ARNT interact with the
zinc-finger domain of Sp1 via their basic helix-loop-
helix domains, enhancing binding of the AhR
heterocomplex to xenobiotic-responsive elements
(XREs) [58] that may silence estrogen-dependent
expression [20]. Promoter studies have mapped to
the 5’ flanking region of the BRCA-1 gene potential
ER and Sp1 domains [59] that may cooperate with
the AhR heterocomplex. With respect to XREs that
are known to be responsive to PAHs [60], we have
identified an array of consensus sequences for XRE-
binding proteins by computer-assisted analysis of
the BRCA-1 promoter region (unpublished data).
The role of these candidate XREs in transcriptional
regulation of the BRCA-1 promoter and cross talk
with ER/Sp1 sites is currently being examined.

To further dissect the mechanisms of down-
regulation of BRCA-1 by B[a]P, we investigated the
effects of treatment with TCDD. TCDD is a dioxin-
like halogenated hydrocarbon that is not metabo-
lized but displays higher affinity for the AhR than
B[a]P does [39]. Previous studies have documented
that transcriptional activation of CYP1A1 by TCDD
is an AhR-dependent event [61]. Our results illu-
strated that treatment of MCF-7 cells with TCDD
upregulated CYP1A1 expression and compromised
cell viability in a dose-dependent fashion without,
however, affecting the levels of BRCA-1 mRNA. This
apparent paradox may be explained by the fact that
TCDD significantly decreases nuclear ER levels [62],
which may contribute to estrogen-dependent upre-
gulation of BRCA-1 [32]. The ER may be necessary
for cross talk with components of the AhR pathway.
Specifically, TCDD may not simply influence basal
transcription of estrogen-responsive genes. For
instance, only upon treatment with TCDD plus
estrogen does the formation of an ER-Spl complex
facilitate accessibility of the TCDD-AhR heterocom-
plex to an XRE site in the cathepsin-D promoter
region [20].

The ineffectiveness of TCDD suggested that
activation of the AhR pathway may be necessary
but not sufficient to modulate the expression of
BRCA-1 and prompted us to consider the possible
role of BPDE. Treatment of MCF-7 cells with 50 nM
BPDE inhibited BRCA-1 mRNA, confirming that this
metabolite is more reactive than its parental pre-
cursor, B[a]P. More importantly, these data provided
evidence that the suppressive effects of Bfa]P could
be mediated by BPDE, which is known to inhibit
progression of RNA polymerase [28]. Alternatively,
reduced expression of BRCA-1 may be related to
molecular hijacking of transcription factors to non-
target sites in DNA modified by BPDE [63].

At least three lines of evidence suggested that
downregulation of BRCA-1 is not a consequence of

general cytotoxicity. First, loss of BRCA-1 was
coupled to upregulation of p53 protein (data not
shown) and CYPIAl mRNA. Upregulation of p53
agrees with the known function of this tumor
suppressor in cell-cycle arrest in response to DNA
damage. The CYP1A1 gene product is a CYP enzyme
involved in metabolism of B[a]P to BPDE. Therefore,
downregulation of BRCA-I mRNA may not be
simply related to general repression of the transcrip-
tion machinery. In contrast, the loss of BRCA-1 in
ER-positive cells was reversed by addition of ANF
despite its negative effects on cell proliferation.
Second, breast ER-negative cells were refractory to
treatment with B[a]P and contained unaltered levels
of BRCA-1 mRNA, suggesting that simple exposure
to B[a]P is not sufficient to abrogate cell prolifera-
tion and adversely affect levels of BRCA-1 tran-
scripts. Third, exposure to TCDD caused cell death
in a dose-dependent fashion without affecting
BRCA-1 mRNA and protein. Thus, binding to the
AhR can induce loss of cell viability but may not be
sufficient to repress BRCA-1. Taken together, these
results suggest that Bfa]P may suppress the expres-
sion of BRCA-1, preventing its participation in
repair of DNA damage. A possible outcome may be
cell death by apoptosis. Downregulation of BRCA-1
by B[a]P could be elicited through several not
mutually exclusive mechanisms, including interac-
tion of the B[a]P-AhR heterocomplex with XREs in
the promoter region of BRCA-1 and the formation of
BPDE-DNA adducts, which may sequester transcrip-
tion factors required for BRCA-1 expression. Critical
questions that need to be addressed to are whether
susceptibility to B[a]P is the result of cells expressing
the ER and what the role of cross talk between the ER
and AhR pathways is. While further investigation is
necessary to distinguish between regulation of
BRCA-1 by the AhR and regulation of BRCA-1 in
response to DNA damage, here we have provided
novel evidence that exposure to B[a]P and its
metabolite BPDE may be a risk factor in the etiology
of sporadic breast cancer by disrupting the expres-
sion of BRCA-1.
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Abstract

The effects of a ligand of the aromatic hydrocarbon
receptor (AhR), benzo[a]pyrene (B[a]P), and its meta-
bolite, BPDE (7r,8t-dihydroxy-9t,10t-epoxy-7,8,9,10-
tetrahydro-benzo[a]pyrene), on BRCA-1 levels and
cell cycle kinetics were determined in MCF-7 breast
cancer cells. Exposure of asynchronous MCF-7 cells
for 72 hours to a non-cytotoxic dose of 0.5 uM B[a]P
triggered a three-fold reduction in BRCA-1 protein. in
MCF-7 cells resistant (20% to 30%) to genotoxic
concentrations of B[a]P (1 to 5 uM), the loss of
BRCA-1 protein was coupled with pausing in S-phase
and G,/M, and accumulation of p53, mdm2 and p21.
Treatment of MCF-7 cells synchronized in S-phase
(72%) with B[a]P prolonged the arrest in S-phase,
although this checkpoint was transient since cells
resumed to G,/M after 12 hours with reduced levels of
BRCA-1. In these cells, levels of p53 were increased,
whereas the cellular content of p21 remained unaltered.
In contrast, the co-treatment with the AhR antagonist,
a-naphthoflavone (ANF), abrogated the deleterious
effects of B[a]P on BRCA-1 expression, while prevent-
ing the accumulation of p53 and disruption of cell cycle
profile. These findings suggest that the AhR mediated
the inverse expression patterns of BRCA-1 and p53
upon exposure to B[a]P. The treatment with BPDE
induced S-phase arrest and reduced BRCA-1 mRNA
levels. The negative effects of BPDE on BRCA-1
expression were not transient since removal of BPDE
did not allow complete reversal of the repression.
These cumulative data suggest that the B[ a]P metabo-
lite, BPDE, may play a key role in disruption of BRCA-1
expression and cell cycle kinetics in breast epithelial
cells. Neoplasia (2000) 2, 460-470.

Keywords: benzo{a)pyrene, BPDE, BRCA-1, p53, cell cycle kinetics, sporadic breast
cancer.

Introduction

The BRCA-1 protein participates in transcription-coupled
repair of oxidative damage [1], co-localizes with Rad51 [2],
BRCA-2 [3], and the hRad50—hMre11-p95 complex [4].

In addition, an important role in embryogenesis has been
attributed to BRCA-1 since nullizygous embryos die early in
development, possibly because of accumulation of DNA
damage [5,6]. The latter affects subnuclear location and
ATM-dependent phosphorylation of BRCA-1 [7-9].

It has been proposed that BRCA-1 may be involved in cell
cycle control since the cellular levels of BRCA-1 protein peak
in S- and M- phases [10]. This inference is supported by the
fact that BRCA-1 contributes to p53-dependent gene
expression [11] and the trans-activation of p21 [12,13].
Moreover, the overexpression of mutant BRCA-1 encoding
for COOH -terminal residues decreases the doubling time of
184A1 human breast epithelial cells, while inducing the loss
of G/M block by colchicine [14]. These cumulative data are
consistent with a role for BRCA-1 in S- and G,/M-phases
control [15].

One of the cellular responses to DNA damage is the
activation of G4/S and G,/M checkpoints. Stabilization of
p53 at the G;/S boundary elicits the trans-activation of a
number of genes, including mdm2 and the cyclin-dependent
kinase inhibitor p21, which, in concert, controls entry into the
S-phase [16]. While upregulation of p21 can occur through a
p53-independent pathway, both p53 and p21 are essential
for maintaining the G, checkpoint after DNA damage [17].
Nevertheless, the disruption of these cell cycle regulators by
drugs and chemical agents may compromise the fidelity of
DNA replication and allow progression of cells harboring
genomic aberrations. Alternatively, severe DNA damage may
destine cells to lethality [18].

One of the puzzles in breast carcinogenesis is that BRCA -
1 is not mutated in sporadic breast tumors [3]. We
hypothesized that epigenetic effectors capable of inducing
genotoxic damage may cause a concomitant loss of BRCA-
1, thus preventing its participation in DNA repair functions. An

Abbreviations: PAH, polycyclic aromatic hydrocarbon; B[a]P, benzo[a]pyrene; AhR,
aromatic hydrocarbon receptor; BPDE, 7r,8t- dihydroxy - 9¢,10t- epoxy - 7,8,9,10 - tetrahy-
drobenzo{a]pyrene; TCDD, 2,3,7,8-tetrachlorodibenzo - p-dioxin; ANF, «-naphthofla-
vone; FCS, fetal calf serum; DMEM, Dulbecco’s modified Eagle's medium.
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outcome may be the propagation of mutations or chromo-
somal aberrations that contribute to drug resistance and
cancer development.

Although recent studies have investigated the regulation
of BRCA-1 expression by DNA-damaging agents [19],
knowledge concerning the contribution of polycyclic aromatic
hydrocarbons (PAHs) to the regulation of BRCA-1 is
limited. PAHs are known to induce a number of biological
responses including G4 arrest [20] and genotoxic stress
[21]. Recently [22], we reported that benzo[a]pyrene
(B[a]P), a prototype PAH and ligand of the aromatic
hydrocarbon receptor (AhR), inhibited the expression of
BRCA-1 in estrogen receptor-positive breast (MCF-7) and
ovarian (BG-1) cancer cells. Here, we present evidence
that in MCF -7 cells, the expression of BRCA-1 and p53 is
inversely regulated by B[ a]P, which contributes to transition
from S- to G,/M-phases in the presence of reduced levels
of BRCA-1. We document that disruption of BRCA-1
expression and cell cycle kinetics by B[a]P are mediated,
at least in part, by the reactive metabolite, 7r,8t-dihydroxy -
9t,10t-epoxy-7,8,9,10-tetrahydrobenzo[ a]pyrene (BPDE).

Methods

Cell Culture

Effects of B[ a]P on cell proliferation were investigated as
described previously [23] in MCF -7 cells obtained from the
American Type Culture Collection (Manassas, VA). The
cells were maintained in Dulbecco’s modified Eagle's
medium (DMEM)/F12 medium (Sigma, St. Louis, MO)
supplemented with 10% fetal calf serum (FCS; Hyclone
Laboratories Inc., Logan, UT). B[a]P, a-naphthoflavone
(ANF), and colchicine were obtained from Sigma. Aphidi-
colin was purchased from Calbiochem Co. (La Jolla, CA).
BPDE was obtained from Midwest Research Institute
(Kansas City, MO). For cell viability studies, cells were
plated at a density of 2x 10° cells/ 100 mm tissue culture dish
and maintained overnight in DMEM/F12 plus 10% FCS.
Three dishes were assigned to each experimental treatment.
At the end of the incubation periods, cell viability was
assessed in triplicate (n = 9) by trypan blue exclusion.

Flow Cytometry

Flow cytometry was performed as previously described
[19]. Briefly, cells were harvested with trypsin and washed in
PBS. Then cells were treated with RNAse and stained with
propidium iodide (50 ug/m! in PBS). Cell cycle distribution
profiles were recorded with a FACscan (Becton-Dickinson,
Franklin Lakes, NJ), using a CELLQuest program. Data
were analyzed with the MODFIT.2 software at the Fiow
Cytometry Laboratory of the Arizona Cancer Center.

Western Blotting

Western blotting was performed as previously described
[24]. Cell extracts were normalized to protein content and
separated by 4% to 12% gradient sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Immunoblotting was
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carried out with antibodies raised against BRCA-1 (Ab-
2), p53 (Ab-2), p21 (Ab-1), and mdm2 (Ab-1) obtained
from Oncogene Research Products (Cambridge, MA) and
p27 (C-19) obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). Normalization of Western blots was
confirmed by incubating immunoblots with 5-actin antibody -
1 (Oncogene Research Products). The immunocomplexes
were detected by enhanced chemiluminescence (Amer-
sham Corp., Arlington Heights, IL).

Semi-Quantitative Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

Details concerning the experimental conditions for semi-
quantitative RT-PCR analysis of BRCA-1 mRNA are
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Figure 1. Dose - response effects of B[a] P on cell viability and BRCA- 1. (A)
MCF -7 cells were cultured in the presence of increasing concentrations of
Bfa]P for 72 hours. Bars represent average cell numberxSD from three
independent wells counted in triplicate (n = 9). (B) Western blotting of
BRCA - 1 protein. Cell extracts were obtained from MCF - 7 cells cultured for 72
hours in control DMEM/F 12 containing 10% FCS, basal medium plus vehicle
(DMSO), or increasing concentrations of B{a]P. The bands in panel B are
immunocomplexes visualized by incubating Western blots with BRCA- 1 (Ab-
2) or 3-actin (Ab-1) antibodies.
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described elsewhere [22]. Briefly, total RNA (400 ng) was
incubated with random hexamer primers, Moloney murine
leukemia virus RT, RNase inhibitor (Life Technologies/
Gibco BRL, Gaithersburg, MD), and RT buffer (Ambion Inc.,
Austin, TX) at 42°C for 1 hours. cDNA was amplified using
the forward 5-AGCTCGCTGAGACTTCCTGGA-3 and
reverse 5-CAATTCAATGTAGACAGACGT-3' primers,
which produced fragments spanning exon-1A to exon-8.
The amplification products were of the expected size (712
bp), and their authenticity to the BRCA-1 sequence
(GenBank accession no. U1460) was confirmed by direct
sequencing. The primers for the internal standard 18S
ribosomal RNA (488 bp) were from Ambion Inc. The
expression levels of BRCA-1 were quantified by Alpha
Imager (Alpha Innotech Inc., San Diego, CA) analysis and
corrected for the expression of the control mRNA (BRCA-1/
18S). :

DMEM

Results

Dose-Dependent Effects of Bfa]P on Cell Viability and
BRCA-1

The data depicted in Figure 1 demonstrate a strong
correlation between cell number (Figure 1A) and levels of
BRCA-1 protein (Figure 1B) in cells treated with varying
concentrations of B[a]P. MCF-7 cells treated with 0.05 to
0.5 uM B[a]P proliferated at the same rate as control
cells, even though BRCA-1 protein levels were reduced
by three-fold at concentrations of 0.5 uM B[a]P (Figure
1B). This observation indicates that non-cytotoxic con-
centrations of B[a]P might abrogate the expression of
BRCA-1 in circumstances of chronic exposure. However,
acute doses of 1 and 5 uM B[a]P reduced cell viability
3.5- and 10-fold, respectively, after 72 hours. BRCA-1
protein was reduced six-fold in the presence of 1 uM
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Figure 2. Time - dependent effects of B{a]P on BRCA - 1 and cell cycle checkpoints. Asynchronous MCF -7 cells were cultured for various periods of time in basal
DMEM/F12 plus 10% FCS or basal medium containing 5 uM B[a ] P. At the end of the incubation periods, cell extracts were analyzed for their content in BRCA-1,

p53, p21, and mdmz2 protein. The control bands are B - actin immunocomplexes.
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B[a]P, whereas at 5 yM B[a]P, BRCA-1 immunocom-
plexes were nearly undetectable. These data lend support
to our previous findings [22] that non-lethal doses of
B[a]P may reduce BRCA-1 protein, whereas at concen-
trations higher than 0.5 uM, the loss of BRCA-1 is
paralleled by decreased cell viability. The finding that 20%
to 30% of cells did not succumb to treatment with
cytotoxic levels of B[a]P, but contained little or no
BRCA-1, triggered our interest in examining the dynamic
changes in BRCA-1 expression and cell cycle kinetics in
this sub-cell population.

We performed Western blot analysis of cell extracts
obtained from asynchronous MCF -7 cells cultured in control
medium or medium supplemented with 5 uM B[a]P for
various periods of time (Figure 2). In both control and
B[a]P-treated cells, BRCA-1 protein peaked at 12 hours.
This induction was attributed to stimulated expression of
BRCA- 1, which is characteristic of rapidly proliferating cells
[24]. Whereas BRCA-1 resumed to basal levels in control
cells at 24 hours, the presence of B[ a]P drastically reduced
BRCA-1 levels at both 48 and 72 hours. Between 6 and 12
hours, we detected fluctuations in the levels of p53 in cells
cultured in basal medium. Treatment with B[ a] P for 12 hours
induced a significant increase in the cellular content of p53,
which was further augmented at 24 hours, and remained
significantly higher than the amount detected in control cells.
The accumulation of p53 in B[a]P-treated cells was
accompanied by an increase in the level of cyclin-dependent
kinase inhibitor p21. In contrast, there were no detectable
changes in the cellular content of p27, in the presence or
absence of B[a]P. Cellular levels of the p53 regulator,
mdm2, remained unchanged throughout the experiment in
MCF-7 cells cultured in DMEM/F12, whereas the mdm2
protein accumulated between 12 and 24 hours after
treatment with B[ a]P. Thus, when comparing the temporal
profiles of expression of BRCA-1 and p53, the accumulation
of p53 at 12 hours in B[a]P-treated cells preceded by
approximately 12 hours the loss of BRCA-1. At 48 and 72
hours after treatment with B[a]P, BRCA-1 was not
detectable, whereas the cellular levels of p53 and p21
remained elevated.

Bla]P Alters Cell Cycle Kinetics

The concomitant loss of BRCA - 1, along with the changes
in p53 and p21 proteins, prompted us to examine the effects
of B[a]P on cell cycle progression. Cell cycle distribution
was determined by flow cytometric analysis of propidium
iodide stained cells. Treatment of asynchronous MCF-7
cells with B[ a] P, when 55% of cells were in Go/ G, induced
within a period of 24 hours a significant enrichment in S-
phase compared with control cells (53.1% vs. 32.0%). The
accumulation in S-phase was paralleled by a reduction in the
fraction of cells in Go/G4 (36.3% vs. 54.0%) (Figure 3) and
a 2.5- and 4.0-fold increase in the percentage of cells
positioned in Go/M at 48 and 72 hours, respectively. Thus,
loss of BRCA-1 and stabilization of p53 and p21 correlated
with pausing of cells in S-phase and subsequent arrest in
Gao/M.
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Figure 3. B[a]P induces S-phase and G,/M accumulation. Asynchronous
MCF -7 cells were cultured for 24, 48, and 72 hours in basal DMEM/F12 plus
10% FCS, basal medium containing the vehicle (DMSO) or vehicle plus 5 uM
B[a]P. Cell cycle profiles were analyzed by flow cytometry as described in
Materials and Methods section. Bars represent percentages of cells in Go/G1,
S, and Go/M representative of three separate experiments with standard
deviations lower than 3%.
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Because levels of BRCA-1 normally peak in S-phase
[10], we wished to characterize the effects of B[a]P on
levels of BRCA -1 protein and cell cycle progression in MCF -
7 cells synchronized in S-phase. After synchronization with
1 ug/ml aphidicolin for 24 hours, cells were released from S-
phase arrest by replacing the culture medium with fresh
DMEM/F12 plus 10% FCS or medium supplemented with 5
1M B[ a]P. The data depicted in Figure 4 showed that, at 12
hours after release, the addition of B[a]P induced arrest in
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S-phase (36.1% vs. 21.2%) (Figure 4E) and reduced the
fraction (27.4%) that progressed to G>/M compared with
cells (42%) cultured in basal DMEM/F12 medium. How-
ever, while a significant percentage of cells released into
control medium transitioned to Go/Gy (72.4%) by 24 hours
and assumed the characteristic asynchronous distribution
(Figure 4A), the treatment with B[ a] P sustained significant
accumulation in Gpo/M (29.4% vs. 5.6%) (Figure 4F).
Overall, B[a]P appeared to alter normal cell cycling by
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Figure 4. B[a]P delays escape from S-phase and extends transit through Gz/M. MCF - 7 cells were synchronized in S - phase with aphidicolin (1 pg/mi) for 24
hours, after which cells were released into (C and D) basal DMEM/F12 plus 10% FCS (aphidicolin/DMEM) or (E and F) basal medium plus 5 uM Bfa]P
(aphidicolin/B[a]P). Cells were harvested at 12 and 24 hours after release. Cell cycle distribution was examined by flow cytometry after propidium - iodide staining.
Arrowheads below the DNA histograms represent channels with most events for specific phases of the cell cycle. The profiles are representative of three

independent experiments.
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Figure 5. B[a] P - dependent accumulation in G,/M coincides with loss of BRCA- 1. (A) MCF - 7 cells were synchronized in S - phase with aphidicolin (1 ug/ml) for
24 hours, after which cells were released into basal DMEM/F 12 plus 10% FCS, or basal medium plus 5 uM B[ a ] P, colchicine (0.25 uM ), or colchicine plus B[a]P.
Cells were harvested at 12 and 24 hours after release. Cell cycle distribution was exarnined by flow cytometry after propidium - iodide staining. The profiles are
representative of three independent experiments. (B) Western blotting of BRCA - 1, p53 and p21. After synchronization in S - phase with aphidicolin (1 pg/ml) for
24 hours, cells were released into DMEM/F 12 plus 10% FCS or basal medium containing 5 uM B[ a] P. Cell extracts were collected at 12 and 24 hours after release.

The control bands are 3 - actin immunocomplexes.
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Figure 6. ANF restores normal cell cycle distribution, BRCA- 1, and inhibits the accumulation p53. Asynchronous MCF -7 cells were cultured for 72 hours in basal
DMEM/F12, basal medium containing vehicle (DMSQ), or 5 uM B[a]P plus increasing concentrations of ANF. Bands represent immunocomplexes of BRCA- 1

and p53. The control bands are (3 -actin immunocomplexes.

lengthening the transition through S and inducing subse-
quent arrest in Go/M. This inference was confirmed in a G,/
M trapping experiment in which cells previously synchro-
nized in S-phase with aphidicolin were released into culture
media containing colchicine (0.25 M) to prevent cycling
beyond Gy/M. These experiments illustrated that, upon
treatment with B[a]P, cells resumed to Gp/M with an
approximate 12 hours delay compared with cells released in
control DMEM/F12 (Figure 5A). In fact, in the presence of

B[a]P plus colchicine, 44.0% of cells were positioned in
S-phase at 12 hours compared with only 17.6% when
cells were treated with colchicine alone. Nevertheless,
flow cytometry profiles confirmed that by 24 hours after
release, a significant percentage of cells treated with
B[a]P plus colchicine had escaped S-phase arrest and
occupied the G/M window at levels (63.5%) similar to
those elicited by colchicine (57.0%). Therefore, although
B[a]P induced S-phase arrest, this checkpoint was
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relaxed since cells resumed cycling to G,/M within a 24-
hour interval.

The synchronization in S-phase with aphidicolin elicited
the accumulation of BRCA-1 protein, as indicated by
Western blotting of protein extracts (Figure 5B). The
release from S-phase into basal DMEM was accompanied
at 12 hours by a slight reduction in BRCA-1, whose levels
increased at 24 hours (lane 4) when 51.5% of cells occupied
the S-phase. These dynamic changes in BRCA-1 are in
keeping with the notion that levels of BRCA-1 fluctuate
during cell progression, but that the BRCA -1 protein is most
abundant during transit through S-phase [10]. In contrast,
BRCA-1 was significantly reduced after treatment with
B[a]P for 24 hours, whereas levels of p53 were increased.
Interestingly, the accumulation of p53 did not yield a
corresponding increase in p21, whose levels remained
unchanged at 12 and 24 hours after release from S-phase.
These data indicated that cells containing increased levels
of p53 paused transiently in S-phase, but subsequent
transition to G,/M occurred with reduced cellular levels of
BRCA-1.

A
70 - 0 Go/GA
NS
_ 609 @ GyM
£ 50
E
2 40-
8 301
® 201
10 -
0__
DMEM 50nM  100nM  500nM  (BPDE)
B BPDE
5
; [=]
: 2 » 8 8
«BRCA-1
<188

ANF Counteracts the Loss of BRCA-1 Expression and
Disruption of Cell Cycle Kinetics

We wished to obtain direct evidence of the involvement of
the AhR pathway in the disruption of cell cycle kinetics by
B[a]P. Therefore, we tested whether co-treatment with the
AhR antagonist, ANF, prevented the perturbations in cell
cycle kinetics triggered by B[a]P, and restored BRCA-1
expression. The co-treatment with ANF abrogated the
transient arrest of MCF-7 cells in S-phase and the
subsequent accumulation in Gz/M, suggesting that the
AhR pathway mediated the disruptive effects of B[a]P on
cell cycle progression. In addition to restoring normal cell
cycle distribution (Figure 6A4), the co-treatment with ANF
counteracted the loss of BRCA-1 and accumulation of p53
(Figure 6B). Taken together, these data confirmed that the
changes in cell cycle kinetics as well as the fluctuations in
BRCA-1 and p53 involved the participation of the AhR
pathway, and attributed to ANF a protective effect against
B[ a]P. Furthermore, these findings suggest the existence of
an inverse relationship between BRCA-1 and p53 status in
MCF-7 cells with regard to exposure to B[a]P.
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Figure 7. BPDE induces S - phase arrest and reduces the potential for BRCA- 1 expression. (A) Flow cytometry profile of MCF - 7 cells cultured for 24 hours in basal
DMEM/F12 plus 10% FCS, or basal medium plus increasing concentrations of BPDE. Bars represent average percentage of cells in Go/ G, S, and Gz/M from two
separate experiments. (B) RT-PCR analysis of BRCA - 1 mRNA from MCF - 7 cells treated with nanomolar concentrations of BPDE for 24 hours. (C) MCF-7 cells
were treated for 72 hours in basal medium, or pre - treated in BPDE (500 nM ) - containing medium for 0.5 1, 6 and 12 hours. At the end of the pre - incubation periods,
cells were washed and cultured up to 72 hours in fresh DMEM/F12 plus 10% FCS free of BPDE. In (B) and (C), changes in BRCA -1 mRNA were assessed by
RT-PCR analysis of total RNA. The PCR products represent BRCA-1 (712 bp) and control ribosomal 185 RNA (488 bp) from input cDNA corresponding to 400
ng of total ANA. Experimental conditions for semi-quantitative RT-PCR analysis of BRCA- 1 were those described in Material and Methods section [22]. (D)
Western blot analysis of BRCA - 1 and p53. MCF - 7 cells were pre - treated with BPDE (500 nM) for various periods of time and then cultured up to 72 hours in basal
DMEM/F12 plus 10% FCS medium. Bands represent immunocomplexes of BRCA- 1, p53 and p21. The control bands are (- actin immunocomplexes.
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BPDE Induces S-Phase Arrest and Reduces the Potential
for BRCA-1 Expression

In previous studies [22], we reported that B[a] P, but not
2,3,7,8-tetrachlorodibenzo- p-dioxin (TCDD), reduced the
expression of BRCA- 1. The fact that TCDD binds with high
affinity to the AhR, but is not metabolized, led us to consider
the possibility that downregulation of BRCA-1 may be
mediated, at least in part, by metabolites of B[a]P. There-
fore, we investigated further the effects of the metabolite
BPDE on cell cycle progression and expression of BRCA-1.

Flow cytometry analysis of MCF -7 cells documented that,
similar to B[a] P, BPDE induces a dose -dependent arrest of
cells in S-phase. The fraction of cells positioned in S-phase
at 24 hours increased from 28% for the DMEM control to
50% for MCF-7 cells treated with 500 nM BPDE (Figure
7A). The BPDE-dependent accumulation in S-phase was
paralleled by a reduction in the percentage of cells positioned
in Go/G4 (from 60% to 44%) and Go/M (from 10% to 5%).
RT-PCR analysis of total RNA revealed that treatment with
increasing amounts of BPDE elicited a dose-dependent loss
of BRCA-1 transcripts (Figure 7B), which were nearly
undetectable at concentrations equal to 500 nM BPDE.

The effects of BPDE on BRCA-1 expression were further
examined in a washout experiment in which MCF-7 cells
were pre-treated with 500 nM BPDE for 0.5, 1, 6 and 12
hours. Then, after washing out of media containing the
BPDE, cells were cultured in fresh DMEM/F12 plus 10%
FCS medium up to 72 hours. At the end of the incubation
period, we analyzed the levels of BRCA-1 mRNA in total
RNA, and protein in cell extracts. While at 72 hours the levels
of BRCA-1 mRNA in control cells were similar to those
observed in cells harvested at the time of induction (data not
shown), BRCA-1 transcripts were reduced five-fold in cells
pre-treated with BPDE for 6 to 12 hours (Figure 7C).
Similarly, BRCA-1 protein levels were reduced significantly
by the pre-treatment for 6 to 12 hours with BPDE (Figure
7D). The loss of BRCA-1 at these time points was paralleled
by accumulation of p53 and p21. Because the half-life of
BDPE is approximately 5 to 20 minutes [25], we discounted
the likelihood that residual BPDE may have been responsible
for the reduction in BRCA-1 mRNA and protein. In fact, cells
were washed twice and then cultured in fresh medium for at
least 60 hours after removal of media containing the BPDE.
Based on these considerations, we concluded that the short-
term exposure to BPDE exerted a signature effect by
reducing the potential for BRCA-1 expression and increas-
ing the cellular levels of p53 and p21.

Discussion

In the absence of a causal relationship between the
occurrence of sporadic breast cancer and mutations in the
BRCA-1 gene, efforts directed to investigating the contribu-
tion of environmental xenobiotics as epigenetic effectors of
BRCA-1 are warranted. PAHs, ubiquitous pollutants known
to induce mammary tumors in rodents [26], are found in
tobacco smoke, industrial pollution and auto exhaust [27].
Among PAHs, B[a]P is a prototype known to act both as a

tumor initiator and promoter, and to stimulate the expression
of gene products of the cytochrome P450 family, which
metabolize B[a]P to the ultimate carcinogen, BPDE [28].
The BPDE damages DNA by forming bulky adducts and
apurinic sites that are degraded further to DNA strand breaks
[29], thus contributing to inhibition of DNA synthesis [30]
and cell cycle arrest [31].

To elucidate the function of BRCA-1, genetic models
defective in BRCA-1 and other cell cycle regulators have
been developed [11,13-15,32]. In previous work [22], we
documented that Bfa]P inhibited BRCA-1 expression in
estrogen receptor- positive breast MCF -7 and ovarian BG -1
cancer cells in a dose- and time -dependent fashion. In this
study, we hypothesized that one modality of PAH - mediated
breast oncogenesis may involve the coordinate disruption of
BRCA-1 and cell cycle regulation. The loss of BRCA-1 may
abrogate normal defense mechanisms, such as cell cycle
and growth control functions, thus predisposing to accumu-
lation of DNA damage that may be critical for tumor
development. Our findings provide novel evidence that
non-cytotoxic doses of B[a]P (0.5 uM) reduce the levels
of BRCA-1 protein in MCF-7 cells. The significance of this
observation is that BRCA-1 may be a cellular target for
repression by chronic exposure to PAHs, which may lower
DNA repair functions and predispose to the fixation of
mutations.

At cytotoxic concentrations (1 to 5 uM), nearly 20% to
30% of cells survived the treatment with B[a]P, but
contained decreased or no BRCA-1 protein. Because
cytotoxic damage and multi-drug resistance are hallmarks
of cancer, we examined whether cells resistant to B[ a]P,
having reduced levels of BRCA-1, had acquired altered cell
cycle characteristics. Our results indicated that acute
exposure to cytotoxic levels of B[a]P lengthened the S-
phase interval and led to Go/M accumulation. The stabiliza-
tion of p53 and p21 and dynamic fluctuations in mdm2
confirmed that surveillance mechanisms were alerted to halt
cell cycle progression [16,33]. However, results obtained
with MCF -7 cells synchronized with aphidicolin showed that
the arrest in S-phase was transient. In the presence of
B[a]P, cycling from S to Go/M occurred with an approximate
12-hour delay compared with cells released into control
medium. In fact, 24 hours after release from S-phase, a
large fraction of cells treated with B[ a]P occupied the Go/M
window with increased levels of p53, but reduced BRCA-1,
whereas levels of p21 were unaffected. The failure of p21,
which is required for maintaining the Gy block [17], to
increase under these conditions could be attributed, at least
in part, to the downregulation of BRCA-1. The latter has
been shown to contribute to trans-activation of the p21
promoter [13]. These findings suggest that B[a]P con-
tributes to accumulation in Go/M-phase of cells containing
reduced levels of BRCA-1, and complement recent work
[15] documenting that embryonic fibroblasts carrying an
exon-11 BRCA-1 deletion are defective in Go/M check-
point. The prolonged arrest in G, of cells harboring DNA
damage is known to cause aberrant mitosis [34]. Because
BRCA-1 is a target for phosphorylation by the ATM protein
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kinase [9] and is required for S-phase [13] and G./M
regulation [15], one could envision that the carcinogenicity
of B[a]P may stem, at least in part, from reduction of BRCA-
1 expression and repair functions involving the ATM-
BRCA-1 cascade.

Previous studies have reported on the inhibition of BRCA -
1 by chemical agents, including adriamycin and ultraviolet
radiation in breast cancer cells [19]. In this study, we
provided evidence that disruption of cell cycle kinetics by
B[ a]P correlated with inverse expression patterns of BRCA-
1 and p53 in MCF-7 cells. In fact, co-treatment with ANF
restored normal cell cycle distribution and counteracted the
loss of BRCA-1 expression, while preventing the accumula-
tion of p53. Because embryonic death associated with
disruption of the BRCA-1 gene was less pronounced in
p53-null embryos [6], one could attribute the inverse
expression patterns of BRCA-1 and p53 to antagonistic
interactions among factors ubiquitous to the regulation of
BRCA-1 and p53 [35].

With respect to loss of cell viability induced by B[ a]P, one
could expect that the coordinate loss of BRCA-1 and
accumulation of p53 may lead to p53-dependent apoptosis
of severely damaged cells. However, electron microscopy
analysis of cells treated with B[ a]P did not reveal changes in
cellular architecture or morphology characteristic of apopto-
sis, such as chromatin condensation and membrane bleb-
bing (unpublished data). Considering that approximately
30% of cells did not succumb to the treatment with cytotoxic
levels of B[a]P, one could envision that B[a]P-resistant
cells expressing lower levels of BRCA-1 may have acquired
a cytotoxic drug resistance phenotype [36].

With regard to the mechanisms through which B[ a] P may
repress BRCA- 1, one could extrapolate that through general
inhibition of RNA synthesis, B[a]P may preferentially
deplete the cellular levels of proteins with a rapid turnover,
such as BRCA-1, as opposed to p53, which is regulated at
the posttranscriptional level following DNA damage. This
hypothesis is not supported by our earlier data [22], which
document that in estrogen receptor-negative HBL-100 and
MDA-MB-231 breast cancer cells, neither BRCA-1 nor cell
growth was compromised by equimolar (5 uM) concentra-
tions of B[a]P. Moreover, in the same study, we found that
the dioxin- like TCDD, which exhibits high affinity for the AhR
but is not metabolized, did not repress BRCA-1 mRNA and
protein levels [22]. Therefore, we hypothesized that the
responsiveness of MCF-7 cells to B[a]P may be a
consequence of their ability to metabolize B[ a]P to reactive
end products. To test this contention, we treated MCF-7
cells with the metabolite BPDE. Consistent with this
hypothesis, BPDE induced S-phase arrest and suppressed
BRCA-1. These effects were observed at doses 10-fold
lower (50 to 500 nM) than those used for B[a]P (0.5t0 5
uM). More importantly, we observed that the short-term
exposure to BPDE reduced the potential to express BRCA-
1, since removal of BPDE did not allow for complete reversal
of the repression. In contrast, levels of p53 and p21 were
increased in cells pre-treated with BPDE for at least 6 to 12
hours. We did not attribute the loss of BRCA-1 to residual
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BPDE since BPDE is hydrolyzed within minutes in cellular
systems [25]. In addition, MCF-7 cells were cultured in
fresh media after washing out of the pre -treatment medium.
Rather, these cumulative observations suggested that the
effects of BPDE were not transient. A possible interpretation
of these data is that BPDE may repress transcription of
BRCA-1 or alter the expression of other factors such as p53,
which may contribute to repression of BRCA-1. For
example, the functionality of cellular checkpoints may
contribute to the deleterious effects of BPDE on BRCA-1
expression. MCF -7 cells have functional p53 and Rb, both of
which complex with BRCA-1 [11]. Conversely, in SV40-
transformed HBL-100 cells, which are refractory to B[ a]P,
both p53 and Rb are inactivated [37]. Investigations are
currently in progress in our laboratory to clarify whether
elevation of p53 is an absolute requirement for BPDE-
dependent regulation of BRCA-1.

In summary, there are ample data suggesting that
environmental factors can initiate and promote chemical
carcinogenesis [38]. While maintenance of genome integrity
is the result of balance between production and repair of
DNA [39], this work provides novel evidence that B[a]P
disrupts normal BRCA-1 expression and cell cycle kinetics.
These effects are mediated, at least in part, by the reactive
metabolite BPDE, which reduces the potential for BRCA-1
expression. The identification of a possible link between
carcinogenicity induced by PAHs and loss of BRCA-1 offers
an exciting opportunity to gain insights into the potential role
of PAH-gene interactions in the development of sporadic
breast cancer.
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ABSTRACT

Reduction of BRCA-1 expression through non-mutational events may be a
predisposing event in the onset of sporadic breast cancer. In this study, we
investigated the mechanisms through which the tobacco carcinogen benzo[a]pyrene
(B[a]P) lowered BRCA-1 mRNA levels in breast cancer MCF-7 cells. We report that
B[a]P did not compromise the stability of BRCA-1 mRNA, but repressed in a dose-
dependent fashion transcriptional activity of a 1.69-kb BRCA-1 (pGL3-BRCA-1)
promoter fragment, containing both exon-1A and exon-1B transcription start sites.
In cells treated with B[a]P, loss of BRCA-1 promoter activity was accompanied by
accumulation of CYP1A1 and BAX-oo mRNA, p53 and p21 protein, whereas levels
of Bcl-2 mRNA were reduced. The aromatic hydrocarbon receptor (AhR)-ligand
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is not metabolized, did not
affect BRCA-1 promoter activity or the cellular levels of BRCA-1 and p53 protein,
but it induced transcription activity of a CYP1A1-like promoter containing an array
of xenobiotic responsive elements (XRE). These data suggested that the activated
AhR did not inhibit transcription at the BRCA-1 promoter. Conversely, treatment
with the B[a]P-metabolite 7r,8t-dihydroxy-9t,10-epoxy-7,8,9,10-
tetrahydrobenzo[a]lpyrene (BPDE) repressed BRCA-1 promoter activity and
protein, while increasing p53 and p21 protein levels. Transient expression of a
dominant-negative p53 protein mutated at position 175 (R to H) counteracted the
detrimental effects of BPDE on BRCA-1 promoter activity and protein levels. We

conclude that activation of the AhR is not sufficient for down-regulation of BRCA-1




transcription, which however is inhibited by the B[a]P-metabolite BPDE through a

p53-dependent pathway.

INTRODUCTION

The characterization of many germline mutations in familial breast and/or ovarian
cancers has confirmed the role of BRCA-1 as a tumor suppressor gene (1-3).
Nevertheless, only a small fraction of sporadic ovarian tumors (4), but no sporadic breast
cancers (5), has been shown to harbor mutations in the BRCA-1 gene. These observations
are indicative that alternative mechanisms other than coding mutations need to be
considered for BRCA-1-mediated oncogenesis (6).

Loss of BRCA-1 expression may result from exposure to DNA damaging agents
(7) and methylation at 5’CpG islands in the BRCA-1 gene (6, 8, 9). We have directed our
attention toward investigating the role of environmental xenobiotics such as polycyclic
aromatic hydrocarbons (PAHs®) as epigenetic disruptors of BRCA-1 expression. PAHs
are classic DNA-damaging and tumor-promoting agents found in industrial pollution,
auto exhaust, tobacco smoke, and coal tar (10). Exposure to PAHs elicits a number of
genotoxic responses including mammaryvtumors in rodents (11), oxidative damage (12),
DNA adduct formation, (13) and base substitutions (14). We (15, 16), and others (17)

have documented that cellular levels of BRCA-1 mRNA and protein were elevated by

3The abbreviations used are: PAHSs, polycyclic aromatic hydrocarbons; AhR, aromatic
hydrocarbon receptor; B[a]P, benzo[a]pyrene; BPDE, 7r,8t-dihydroxy-9t,10-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; XRE,

xenobiotic responsive elements;




estrogen in breast and ovarian cancer cells. In contrast, our group has recently reported
that acute and chronic exposure to benzo[a]pyrene, a prototype PAH, lowered both
constitutive and estrogen-dependent expression of BRCA-1 in breast and ovarian cancer
cells (18). The reduced potential for BRCA-1 expression correlated with S-phase and
G2/M arrest, and accumulation of p53, mdm2, and p21. The fact that cotreatment with
the aromatic hydrocarbon receptor (AhR)-antagonist a-naphthoflavone restored normal
cell cycle distribution and BRCA-1 expression (19), entailed the AhR pathway
contributed to down-regulation of BRCA-1. In this study, we investigated the
mechanisms through which B[a]P lowered BRCA-1 mRNA levels in breast cancer MCF-
7 cells. We reported that B[a]P repressed transcription of the BRCA-1 promoter.
However, activation of the AhR pathway by B[a]P was not sufficient for down-regulation
of BRCA-1 promoter activity, which was inhibited by the metabolite BPDE through a

p53-dependent pathway.

MATERIALS AND METHODS

Cell culture and chemicals. Estrogen receptor positive MCF-7 cells were
obtained from the American Type Culture Collection (ATCC), (Manassas, VA) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium (Sigma)
supplemented with 10% fetal calf serum (FCS) (Hyclone Laboratories, Inc, Logan, UT)

as described previously (15). B[a]P and actinomycin-D were obtained from Sigma




Chemical Co. (St. Louis, MO), BPDE and TCDD were obtained from Midwest Research
Institute (Kansas City, MO).

Semi-quantitative RT-PCR and ribonuclease protection assay. For mRNA
studies, MCF-7 cells were plated at a density of 2x10° cells/100-mm tissue culture dish
and maintained in DMEM/F12 plus 10% FCS. Three dishes were assigned to each
experimental treatment. Details concerning the experimental conditions for semi-
quantitative reverse transcriptase (RT)-polymerase chain reaction (PCR) analysis of

BRCA-1 and CYP1A1 mRNA are described elsewhere (18). Briefly, total RNA (400 ng)

. was incubated with random hexamer primers, Moloney murine leukemia virus-RT,

RNase inhibitor (Life Technologies/Gibco BRL, Gaithersburg, MD), and RT buffer
(Ambion Inc., Austin, TX) at 42°C for 1 h. cDNAs were amplified using the
oligonucleotides summarized in Table 1. The amplification products were of the expected
size and their authenticity to the GeneBank was confirmed by direct sequencing.
Preliminary control experiments (data not shown) were carried out to assure RT-PCR
conditions allowed for linear amplification of PCR products. For amplification of the
internal standard 18S ribosomal RNA (488-bp) we used the Competimer™
oligonucleotide module from Ambion Inc. (Austin, TX). The expression levels of BRCA-
1 were quantified by Alpha Imager (Alpha Innotech Inc, San Diego, CA) analysis and
corrected for the expression of the control mRNA (BRCA-1/18S). Details for
ribonuclease protection assay of BRCA-1 mRNA are described elsewhere (18). Briefly, a
162-bp BRCA-1 riboprobe encoding for a portion of exon 15 was transcribed in the
antisense orientation from the transcription vector Triplescript (Ambion Inc.). As internal

control for ribonuclease protection assay, we transcribed a riboprobe for human




cyclophilin from the pTRIcyclophilin vector (Ambion Inc.). Relative phosphorimage
units for BRCA-1 mRNA were corrected for the expression of the control, cyclophilin
mRNA (BRCA-1/cyclophilin).

Western Blotting. Western blotting was performed as described previously (19).
Cell extracts were normalized to protein content and separated by 4-12% gradient sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblotting was carried out with
antibodies raised against BRCA-1 (Ab-2), p53 (Ab-2), and p21 (Ab-1) obtained from
Oncogene Research Products, Cambridge, MA. Normalization of western blots was
confirmed by incubating immunoblots with -actin antibody-1 (Oncogene Research
Products). The immunocomplexes were detected by enhanced chemiluminescence
(Amersham Corp. Arlington Heights, IL).

BRCA-1 promoter studies. Genomic DNA extracted from ovarian BG-1 cells
(ATCC) was utilized for PCR amplification of a 1.69-Kb BRCA-1 promoter fragment
using the forward DRPR-F-Kpnl (5’-ATCGGTACCGCATTCTGA ACCACAGACTCT-
3’) and reverse LH9-R-BglII (5’-ACTAGATCTACCTCATGACC AGCCGACGTT-3’)
oligonucleotides. The BRCA-1 primers were designed with Kpnl and BglII linkers,
which after restriction digestion generated Kpnl and BglII compatible cloning sites. The
authenticity to the BRCA-1 sequence deposited in the GeneBank (accession #HSU37574)
was confirmed by direct sequencing of the PCR product, which spanned both exon-1A
and exon-1B transcription start sites. The BRCA-1 promoter fragment was subcloned into
the expression vector pGL3Basic (Promega Corporation, Madison, WI), which was
previously digested to create compatible Kpnl and BglII termini, thus generating the

pGL3-BRCA-1 luciferase expression construct. For expression studies, the pGL3-BRCA-




1‘ vector was transfected into MCF-7 cells using the Lipofectamine-Plus procedure, as
described by the manufacturer (Life Technologies, Gaithersburg, MD). Variations in
transfection efficiency were accounted for by co-transfection with plasmids encoding for
the B-galactosidase or renilla gene. Internal standards for luciferase activity were the
pGL3Control vector containing an SV40 promoter, and pGL3Basic (empty) (Promega).
To control for the efficacy of treatments with B[a]P and TCDD, MCF-7 cells were
transfected with plasmid p1A1-4X-LUC (a gift from Dr. Pasco, University of
Mississippi) containing a CYP1A1 consensus sequence linked to an array of four
GCGTG elements. Cell extracts were collected at 24 h after treatment with various
concentrations of B[a]P, TCDD, or BPDE. Luciferase reporter activity was monitored
using a Luminometer 20/20 and expressed as relative luciferase units (RLU) corrected for

B-galactosidase (RLU/B-gal) or renilla (RLU/renilla).

RESULTS

Effects of B[a]P, BPDE, and TCDD on expression profiles. RT-PCR analysis
of total RNA from MCF-7 cells revealed that treatment with B[a]P and BPDE lowered
BRCA-1 mRNA levels (Fig. 1A). These changes were accompanied by upregulation of
the CYP1A1 gene, which encodes for a member of the P450 family of metabolizing
enzymes (20). The accumulation of CYP1A1 mRNA confirmed the functionality of the
AhR pathway in MCF-7 cells, albeit B[a]P was more effective than BPDE in elevating
the content of CYP1A1 transcripts. The treatment with B[a]P increased the levels of

BAX-o. mRNA, whereas transcripts for Bcl-2 were reduced suggesting that B[a]P

inversely regulated the expression of Bax-o. and Bcl-2. Neither Bax-o, nor Bcl-2 mRNA




level was affected by BPDE. These distinct expression patterns emphasized the fact that
loss of BRCA-1 mRNA in cells treated with B[a]P or BPDE did not stem from a general
effect on the transcriptional machinery.

Western blot analysis of cell extracts revealed that B[a]P lowered BRCA-1
protein levels, while increasing p53 (Fig. 1B). Expectedly, the treatment with BPDE
reduced significantly BRCA-1 protein, whereas the cellular contents of p53 and p21 were
elevated. In contrast, treatment with 10 nM TCDD did not alter BRCA-1, p53 or p21
protein levels (Fig. 1C), but elicited the accumulation of CYP1A1 mRNA levels (data not
shown) (18).

B[a]P does not compromise BRCA-1 mRNA stability but reduces promoter
activity. The expression data of Fig. 1 indicated that B[a]P and BPDE activated multiple,
perhaps overlapping, signal transduction pathways, which must be regarded as an integral
part of a cellular network. In this context, we were interested in determining whether
inhibition of BRCA-1 expression by B[a]P resulted from reduced stability of BRCA-1
mRNA. Data from RT-PCR (Fig. 1A) and ribonuclease protection assay (Fig. 2A)
experiments revealed that, compared with DMEM, the levels of BRCA-1 mRNA
corrected for the cyclophilin mRNA were reduced 3.0-fold by treatment with B[a]P. To
examine the effects of B[a]P on BRCA-1 mRNA stability, we compared the rate of decay
of BRCA-1 transcripts in control and B[a]P-treated cells. After MCF-7 cells were pre-
cultured for 24 h in DMEM/F12-10% FCS or DMEM/F12-10% FCS plus B[a]P, culture
media were replaced with fresh DMEM/F12-10% FCS plus 5 pg/ml actinomycin-D
(ActD) to inhibit the production of new transcripts, in the presence or absence of B[a]P.

Kinetics of disappearance were assessed by calculating at 6, 9, 12, and 18 h the relative




levels of BRCA-1 mRNA corrected for the cyclophilin mRNA. The temporal changes
depicted in Fig. 2B documented that the rate of disappearance of the protected BRCA-1
fragment was not influenced by B[a]P. In fact, the half-life of the BRCA-1 transcript was
of approximately 12 h in both control and B[a]P-treated cells.

These results suggested that loss of BRCA-1 expression in cells treated with
B[a]P was likely not due to increased degradation of BRCA-1 mRNA and prompted
further investigations to assess whether B[a]P interfered with regulation of transcription
at the BRCA-1 promoter. Fig. 3A diagrams the luciferase activity detected in MCF-7
cells transfected with pGL3-BRCA-1 in the presence or absence of B[a]P. Compared
with the RLU measured in cells transfected with the empty pGL3Basic vector, luciferase
units corrected for B-galactosidase increased, although not proportionally, 16.0- and 22.0-
fold in cells transfected with 5 or 10 ug pGL3-BRCA-1. However, upon treatment with
B[a]P, the reporter activity was reduced by 2.2- and 2.0-fold in MCF-7 cells transfected

with 5 or 10 pg of the pGL3-BRCA-1 vector, respectively. The RLU detected upon

transfection with 1 pg of the internal pGL3Control vector were not influenced by
treatment with B[a]P, and were 10.0-fold higher than those measured in cells transfected
with the pGL3Basic lacking a promoter element.

In parallel experiments (Fig. 3B), we assessed the dose-dependent effects of
B[a]P in MCF-7 cells transfected with 10 pg of the pGL3-BRCA-1 vector.
Concentrations of 0.5 uM B[a]P did not influence RLU, whereas doses of 1 and 5 uM

B[a]P significantly reduced luciferase activity by 1.5 and 1.6-fold, respectively. The

reporter activity in control cells transfected with the positive control pl1A1-4X-LUC was
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4.0-fold higher than that produced by the p1 A1-LUC vector lacking the four XRE, and
was increased an additional 10-fold in the presence of B[a]P (Fig. 3C),

BPDE, but not TCDD, represses BRCA1 promoter activity. The data shown in
Fig. 1C illustrate that, at least at the concentration (10 nM) used in this study, TCDD did
not lower BRCA-1 protein levels. It should be pointed out that in previous studies (18),
increasing the concentration of TCDD from 10 nM up to 1000 nM affected neither
BRCA-1 mRNA nor protein content in MCF-7 cells, although cell viability was reduced
from 50 to 80% with 10 and 1000 nM TCDD, respectively. Because the affinity of
TCDD for the AhR is approximately 100-fold higher than that of B[a]P, but is not
metabolized (21), we envisioned that activation of the AhR pathway was not sufficient
for B[a]P-mediated repression of BRCA-1 transcription. Rather, we formulated the
hypothesis that products of B[a]P bioactivation, possibly BPDE, contributed to
downregulation of BRCA-1. To test this contention, we compared the effects of BPDE
(100 and 500 nM) and TCDD (10 nM) on BRCA-1 promoter activity in cells transiently
transfected with the pGL3-BRCA-1 construct. Other groups have used concentrations up
to 1.2 UM BPDE to investigate repair of DNA damage (22). However, we used lower
concentrations ranging from 100 to 500 nM BPDE, which in our hands héve been
effective in promoting cell cycle arrest and loss of BRCA-1 expression in MCF-7 cells
(19). The results of Fig. 4A indicated that treatment for 24 h with 100 or 500 nM BPDE
inhibited by 1.5- and 2.2-fold, respectively, transcription from the BRCA-1 promoter. In
contrast, activity of the BRCA-1 reporter construct was not affected by treatment with 10
nM TCDD, which, nevertheless, increased (1.6-fold) the reporter activity of the positive

control p1A1-4X-LUC (Fig. 4B). These observations suggested that the metabolite
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BPDE, or factors regulated by BPDE, contributed al least in part to B[a]P-dependent
inhibition of BRCA-1 transcription.

Repression of BRCA-1 promoter activity by B[a]P and BPDE require
functional p53. Based on our published observation that the AhR-antagonist o
naphthoflavone restored normal cell cycle distribution and BRCA-1 expression, while
preventing the accumulation of p53 (19), we questioned whether gain of p53 functions in
MCEF-7 cells treated with B[a]P contributed to reduce BRCA-1 promoter activity. To test
this hypothesis, we co-transfected MCF-7 cells with a plasmid containing a cassette
encoding for p53 mutated at position 175 (Arginine to Histidine) under the control of the
cytomegalovirus promoter (pCVM53mut) subcloned into pCMYV (plasmids were gifts
from Dr. Bert Vogelstein and made available by Dr. J. Martinez). The cotransfection of
the empty pCMV (data not shown) or pCMV53mut vectors with pGL3-BRCA-1 did not
influence BRCA-1-luciferase reporter activity in cells cultured in control medium
(DMEM) (Fig. 5A). In contrast, the concomitant transfection with pPCMV53mut encoding
mutant p53 prevented the loss of BRCA-1 promoter activity (2.0-fold) induced by B[a]P.
Positive evidence that the pPCMV53mut construct expressed p53 was obtained by western
blot analysis (Fig. 5B). In DMEM basal medium, levels of p53 were low in cells non-
transfected (NT) or transfected with the empty pCMV vector, whereas p53 increased
significantly in the presence of B[a]P. Conversely, accumulation of p53 was observed in
cells cultured in DMEM upon transfection with the pCMV53mut vector. The intensity of
the p53 immunocomplex increased further upon treatment with B[a]P, presumably
because of coincident immuno-detection of endogenous and recombinantly expressed

p53.
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Next, we examined the effects of BPDE on activity of the BRCA-1 reporter
construct (Fig. 6A). The RLU detected in cells transfected with pGL3-BRCA-1 were
reduced 1.8-fold by BPDE. In contrast, the cotransfection with pCMV53mut restored
luciferase activity to control levels. Similar results were obtained upon cotransfection of a
vector encoding for the papilloma virus E6 protein, which prevented the loss of reporter
activity elicited by BPDE (data not shown). The treatment with BPDE reduced BRCA-1
protein, while p53 and p21 levels were increased in cells transfected with the empty
pCMYV vector (Fig. 6B). However, in cells transfected with pCMV53mut, we detected
constitutive expression of p53, whose levels were increased further by BPDE. More
importantly, BRCA-1 protein was restored nearly to control levels in cells expressing
p53mut and treated with BPDE. The cellular content of p21 was elevated by BPDE in
cells transfected with pCMV or pCMV53mut, but it was not altered by expression of

exogenous mutant p53 in cells cultured in DMEM.

DISCUSSION

The primary objective of this study was to shed some light into the mechanisms
responsible for the reduction of BRCA-1 mRNA levels in breast cancer MCF-7 cells
exposed to acute levels of B[a]P (18, 19). The cigarette smoke carcinogen B[a]P, a
prototype PAH, has been implicated in the development of lung (13) and skin (22)
tumors. A generally accepted concept is that the tumor-initiating and promoting
properties of B[a]P stem from its metabolic activation by detoxifying enzymes to a pool
of end-products including the highly mutagenic BPDE, which can form DNA adducts

and induce transversions at mutational hot-spots (23-25). Our working hypothesis is that
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the reactive metabolite BPDE, selected among many end-products of B[a]P metabolism,
may alert regulatory cascades that repress BRCA-1 expression. Support for this
hypothesis is at least three-fold. First, no sporadic breast tumors have been shown to
harbor mutations in the BRCA-1 gene (26), but express lower levels of BRCA-1 (27).
This implies the existence of regulatory mechanisms that lower BRCA-1 expression, in
the absence of mutational alterations. Second, B[a]P and BPDE repress constitutive and
estrogen-induced expression of BRCA-1 in breast and ovarian cancer cells (19, 20). This
effect is not unique to B[a]P since other PAHs hamper in a dose-dependent fashion
BRCA-1 protein levels in MCF-7 cells in the order: 3-methylcholanthrene > B[a]P >
benzo[e]pyrene (our unpublished data). Third, physiological rather than genotoxic
stresses have been implicated in BPDE-dependent tumorigenesis (28).

In mammalian models, activation of the AhR-pathway elicits cell cycle arrest,
apoptosis, and expression of genes encoding for enzymes of the cytochrome P450 family,
which contribute to bioactivation of AhR-ligands (29-31). The AhR is a ligand-activated
factor that modulates transcription through interactions with xenobiotic responsive
elements (XRE), whose core recognition sequence (5’-GCGTG-3’) is harbored in the 5’
flanking region of several genes including the CYP1A1, CYP1A2, UDP-glucuronosyl-
transferase, and the estrogen-inducible cathepsin-D (32, 33). The fact that CYP1A1
transcripts and the reporter activity of a PAH-inducible promoter (p1A1-4X-LUC)
harboring a tandem of four XRE were greatly induced by B[a]P provided confirmatory
evidence the AhR pathway was functional in MCF-7 cells under the current experimental
conditions. This notion is also supported by earlier reports documenting regulation by

AhR-ligands of XRE-containing promoter segments in MCF-7 cells (34).
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With respect to XREs that are known to confer responsiveness to PAHs, using
computer-assisted analysis we have identified an array of candidate XRE consensus
sequences in the 1.69-Kb BRCA-1 promoter fragment (unpublished observations). While
we cannot discard the possibility that binding of the activated AhR to XREs in the
BRCA-1 gene may contribute to its negative regulation, the data presented in this report
are consistent with a model in which the metabolite BPDE contributes, at least in part, to
inhibition of BRCA-1 transcription. Because TCDD failed to lower BRCA-1 promoter
activity and protein levels, we concluded that effectors downstream of the AhR, such as
BPDE, a product of B[a]P bioactivation (35), alerted cellular signals that repressed
BRCA-1 promoter activity.

The tumor suppressor gene p53 encodes for one of such effectors, whose stability
was increased significantly in cells treated with B[a]P or BPDE. The p53 gene product
has been shown to elicit transcription of several genes including Bax, p21, and mdm?2
(36), which are involved in cell cycle control and apoptosis (37). Based on published
observations that expression of p53 and BRCA-1 may be regulated through a feedback
loop (38-40), we tested whether inhibition of BRCA-1 transcription by B[a]P and BPDE
resulted from gain of p53 functions. In keeping with this concept, transfection with a
vector encoding for p53 mutated at amino acid position 175 (R to H) abrogated the
negative effects of B[a]P and BPDE on BRCA-1 promoter activity. Our interpretation of
these findings is that transient expression of mutant p53 interfered with wild-type p53
functions in a trans-dominant negative fashion. Class II mutations, such as that at position
175, alter the conformational stability of the p53 protein and suppress wild-type

transcriptional activity (41). Similarly, transient transfection with an expression vector
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encoding for the E6 human papilloma virus counteracted the negative effects of BPDE on
BRCA-1 promoter activity (data not shown). The E6 gene product binds to pS3 and leads
to suppression of its biological functions (42).

From these cumulative data, we concluded that activation of the AhR pathway
was required, but not sufficient for B[a]P-mediated inhibition of BRCA-1 transcription.
Rather, the metabolite BPDE elevated p53, which in turn, inhibited BRCA-1 promoter
activity. Because it is known that levels of BRCA-1 vary during the cell cycle, with
minimal expression in GO/G1 (43), one could argue that the decrease in BRCA-1 mRNA
in response to B[a]P/BPDE was an indirect consequence of cell cycle arrest. However,
we reputed this possibility unlikely since both B[a]P and BPDE induced accumulation of
MCF-7 cells in S-phase (19), at which interval expression of BRCA-1 has been shown to
peak (43). Also, we considered the possibility that by forming DNA adducts BPDE might
impede progression of RNA polymerase II on the transcribed strand. However, evidence
that transient expression of mutated p53 restored BRCA-1 transcription and protein levels
suggested that p53 mediated the negative effects of BPDE on BRCA-1 transcription.
Furthermore, the distinct mRNA expression profiles presented in Fig.1 and those
obtained by cDNA microarray analysis of >1000 CancerArray™ genes (data not shown)
confirmed the loss of BRCA-1 mRNA in cells treated with B[a]P or BPDE was not
associated with general disruption of the transcriptional machinery.

Loss of BRCA-1 in cells harboring DNA damage may destine cells to lethality
(44-47). Previous reports from our laboratory (18) indicated that in HBL-100 cells
expressing the SV40 large T-antigen, which is known to inhibit the transcriptional

transactivation functions of p53 (42), neither BRCA-1 expression nor proliferation was
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affected by B[a]P. Conversely, in addition to lowering BRCA-1 expression, the acute
exposure to B[a]P induced cell death of 70 to 80% of breast MCF-7 cells, whith express
wild-type p53 (17). The accumulation of Bax-o0 mRNA, and p53 and p21 protein were
paralleled in this study by loss of Bcl-2 mRNA suggesting that pro-apoptotic pathways
were alerted in response to exposure to B[a]P. However, because of deficient expression
of caspase-3, a key player in the signaling of programmed cell death, MCF-7 cells may
not succumb through classic apoptosis (44). A significant scenario emerging from these
observations is one in which cells resistant to the cellular stresses induced by PAHs (48),
but with a reduced potential for BRCA-1 expression, may be more likely to undergo
neoplastic transformation (49).

In summary, the current study provides novel insights into the mechanisms
through which PAHs may adversely affect transcription activity of the BRCA-1 gene.
Activation of the AhR appears to be not sufficient for transcriptional repression of
BRCA-1, which however may be hampered upon bioactivation of AhR-ligands to
reactive metabolites, such as BPDE, and gain of p53 functions. The significance of these
findings is that they offer a molecular basis for investigating the contribution of PAHs
and structurally related compounds to disregulation of the BRCA-1 gene, and their role as

a risk factor in the etiology of sporadic breast cancer.
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Table 1. Primers for RT-PCR

Gene Primers Primer sequence Size (bp) Accession
number

BRCA-1 DR6 5’-AGCTCGCTGAGACTTCCT GGA-3’ 712 U1460
MDR6 5’-CAATTCAATGTAGACAGACGT-3

CYPIAL AlAF 5”-TAACATCGTCTTGGACCTCTTTG-3 397 K03191
AlAR 5-GTCGATAGCACCATCAGGGGT-3’

Bax-ou BaF 5-CTGACATGTTTTCTGACGGC-3’ 289 122473
BoR 5 -TCAGCCCATCTTCTTCCAGA-3’

Bcl-2 BC2F 5’-TGCACCTGACGCCCTTCAC-3’ 293 M14745

BC2R 5’-AGACAGCCAGGAGAAATCACAG-3’
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Fig. 1. Effects of B[a]P, BPDE, and TCDD on expression profiles. A) MCF-7
cells were cultured for 24 in basal DMEM/F12 plus 10% FCS, or basal medium plus 5
UM B[a]P or 500 nM BPDE. Semi-quantitative RT-PCR analysis was performed as
described in Materials and methods. Bands represent RT-PCR products for CYP1A-1
(397 bp), BRCA-1 (712 bp), Bax-o. (289 bp), Bcl-2 (293 bp), and control ribosomal 18S
RNA (488 bp) from input cDNA corresponding to 400 ng of total RNA. MW represents
DNA molecular weight markers. B) Western blot analysis of BRCA-1 and p53 in cells
cultured in basal DMEM/F12 plus 10% or basal medium plus 5 uM B[a]P. C) Bands are
immunocomplexes for BRCA-1, p53, and p21 in cells cultured in basal medium or basal
medium plus 500 nM BPDE or 10 nM TCDD. Bands for -actin are control

immunocomplexes.

Fig. 2. B[a]P does not reduce stability of BRCA-1 mRNA. MCF-7 cells were
cultured for 24 h in DMEM/F12 plus 10% FCS or basal medium plus 5 pM B[a]P. At the
end of the incubation period, cells were cultured for various periods of time (6, 9, 12, and
18 h) in the presence or absence of 5 pg/ul actinomycin-D (ActD). Then, cells were
harvested and levels of BRCA-1 mRNA measured by ribonuclease protection assay in 10
ug of total RNA as described in Material and methods. A) Bands are ribonuclease-
protected fragments for BRCA-1 or the internal standard cyclophilin. The doublet is the
result of extended digestion of the BRCA-1 mRNA duplex. MW represents RNA
molecular weight standards (bp). B) Decay of BRCA-1 mRNA expressed as the
percentage of BRCA-1 mRNA remaining at each time point corrected for cyclophilin

mRNA.
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Fig. 3. B[a]P inhibits transcription activity of the BRCA-1 promoter. A) MCF-7
cells were transiently transfected with the empty pGL3Basic vector, or vectors containing
a luciferase reporter cassette under the control of the Simian SV40 (pGL3Control) or
BRCA-1 (pGL3-BRCA-1) promoter. Relative luciferase units (RLU) were measured
after cells were cultured for 24 h in DMEM/F12 plus 10% FCS or basal medium plus 5
UM B[a]P. B) Effects of treatment for 24 h with various concentrations of B[a]P on RLU
in MCF-7 cells transfected with 10 pg pGL3-BRCA-1. C) Induction by B[a]P (5 uM) of
the promoter construct p1A1-4X-LUC ( 1 pg)containing four xenobiotic responsive
elements (XRE). p1A1-LUC is the empty vector lacking the XREs. Bars represent mean
RLU corrected for B-galactosidase + standard deviations from two independent

experiments performed in triplicate.

Fig. 4. BPDE, but not TCDD, inhibits BRCA-1 promoter activity. MCF-7 cells
were transiently transfected with pGL3-BRCA-1 (10 pg) or plA1-4X-LUC (1 pg). Cells
were cultured for 24 h in DMEM/F12 plus 10% FCS or basal medium plus A) 500 nM
BPDE or B) 10 nM TCDD. Bars represent mean RLU corrected for B-galactosidase +

standard deviations from two independent experiments performed in triplicate.

Fig. 5. Expression of mutant p53 counteracts B[a]P-mediated loss of BRCA-1
promoter activity. A) MCF-7 cells were transiently transfected with pGL3-BRCA-1 (10

pg) or pPCMV53mut (3 pig). Cells were cultured for 24 h in DMEM/F12 plus 10% FCS or

basal medium plus 5 uM B[a]P. Bars represent mean RLU corrected for B-galactosidase
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+ standard deviations from two independent experiments performed in triplicate. B)
Western blot analysis of cells non-transfected (NT), transfected with the empty vector
pCMV (3 pg), or pCMV53mut (3 ptg), and cultured for 24 h in basal DMEM/F12 plus

10% FCS or basal medium plus 5 uM B[a]P. Bands are immunocomplexes for pS3 and

control B-actin.

Fig. 6. Expression of mutant p53 counteracts BPDE-mediated loss of BRCA-1
promoter activity. A) MCF-7 cells were transiently transfected with pGL3-BRCA-1 (10
pg) or pPCMVS53mut (3 pug). Cells were cultured for 24 h in DMEM/F12 plus 10% FCS or
basal medium plus 500 nM BPDE. Bars represent mean RLU corrected for renilla +
standard deviations from two independent experiments performed in triplicate. B)
Western blot analysis of cells transfected with the empty vector pCMV (3 ug), or
pCMV53mut (3 pg), and cultured for 24 h in basal DMEM/F12 plus 10% FCS or basal
medium plus 500 nM BPDE. Bands are immunocomplexes for BRCA-1, p53, p21, and

control B-actin.
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